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Abstract  
 
Failure of current standard pipeline materials in chloride processing environments has 
a high environmental and economic impact. Tantalum (Ta) is resistant to attack in HCl 
environments due to its passive oxide layer. Solid and lined Ta components are, however, 
prohibitively expensive for large-scale deployment. Ta chemical vapour deposition (CVD) 
coatings on standard carbon steel pipeline materials offer an economic solution with 
superior properties but have been demonstrated to exhibit a dual phase nature with a 
metastable, hard, and brittle beta (β) phase, and a ductile alpha (α) phase, and also 
detrimental interfacial characteristics. This project describes the deposition of bulk α-Ta 
CVD coatings on standard 0.3 – 0.35 wt.%Cmax pipelines and components.  
 The potential for tailoring of CVD processes such coatings were investigated using a 
hybrid statistical design of experiment approach. Deposition rate, phase fraction and Knoop 
hardness of coatings was measured in response to varying deposition temperature, reagent 
gas flows, and sample position and finish. Statistical analysis identified deposition 
temperature, hydrogen (H2) reagent and argon (Ar) carrier gas flows as dominant 
parameters. Optimal levels for the desired properties were obtained and then applied to 
newly installed large-scale equipment. 
Ta coatings on higher carbon content steels demonstrated reduced interfacial defects 
and a reduction in interdiffusion zone thickness. Optical micrographs using an alternate 
oxalic acid based etch and EBSD highlight the distribution of the deposited α/β-Ta phase 
within coatings. β-Ta shows preferential positioning at the surface and in the bulk, and α-Ta 
at the interface. XRD diffraction data is used to calculate approximate coating phase 
fractions that ranged from 5 – 96%. Heat treatments identified a β→α transition temperature 
of >950°C, correlated through exothermic peak detection in DSC analysis. 
Coating adhesion improved with the reduction of interfacial defects and the 
application of the heat treatment to minimise β-Ta content. Three-point bend testing 
investigated the performance of single/dual Ta coatings 20-80µm thick on A105 steel with 
varying post-deposition heat treatments. Single layer coatings, and those with singular heat 
iii 
treatments, suffered delamination on test. Samples with dual Ta coatings that had a heat 
treatment after both deposition processes had no visible or acoustic sign of failure after 
bending through 90° demonstrating ductility of the coating. Coating integrity was proved 
through HCl immersion testing with no measurable mass loss detected.  
Initial Ta coated mild steel had a corrosion rate of 11.4 MPY (0.26 mm/yr). Using the 
preferred two-stage deposition and heat treatment process C-ring corrosion testing of 
stressed A105 steel samples resulted in a ‘nil’ corrosion rate of 0.06 MPY (0.0014 mm/yr) 
equivalent to that of solid Ta.  
 
Key Words: Chemical vapour deposition, tantalum, statistical design of experiments, corrosion, 
α/β phase 
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"This metal I call tantalum …” (Ekeberg, 1802) 
tæntələm, from the Ancient Greek ‘τάνταλος’ 
 
 
 
 
 
 
 
 
NJT, aɪ lʌv juː 
 
For my parents, sisters, and all the nieces and nephews I hope to inspire 
v 
Acknowledgements 
 
This project, and the broader journey it has been part of, has involved numerous 
people who have helped to shape and evolve it along the way. A few words cannot convey 
the depth of gratitude I have for those that have helped not only the project, but my own 
growth and development as I have travelled a sometimes trying road, reaching its 
destination with submission of this thesis that is in fact not the end of journey, but only the 
beginning. 
Much of the analysis conducted as part of the project wouldn’t have been possible 
without the time, patience, knowledge, and willingness to help a researcher in need that 
technical staff at the University of Surrey have in abundance. Well, maybe not time. To Dave 
Jones, I’m sorry I ‘broke’ the SEM three times in a row. Is that some sort of record? Alex 
Nelson, your patience and speed in conducting Knoop Hardness measurements knows no 
bounds. Also, to Brian Ng for HK measurements and Andy Marshall for making time in a 
busy EngD’s schedule to wrestle with beta tantalum diffraction patterns. Violeta Duokova, 
the DSC worked! (Eventually). Dan Driscoll, thank you for your patience in switching the 
XRD bracket samples holder. I’m sure that was a more frustrating than the many hours I 
spent in the affectionately deemed ‘radioactive basement’. This project wouldn’t be what it 
is if we hadn’t been able to get those diffraction patterns, although, if I don’t have to look at 
any more for a little while now I’m ok with that. 
It’s not just the technical staff at University of Surrey that need thanks. Debbie, your 
superstar organisational skills has made everything run as smoothly as possible. It’s strange 
to think you weren’t here at the beginning of this journey, and we me over Myers Briggs 
personality training, but I’m so thankful you saw it through until the end. Noelle, there are 
not enough words that mean ‘thank you’, to say how grateful I am for having such a staunch 
supporter in our corner. You have, and will, always have our backs. Your ‘Hollie-dolly’ only 
hopes to continue to make you proud as repay that faith and belief you have shown in us 
from day 1. 
vi 
To my academic supervisors, Mark W and Mark B. Your insights, and wealth of 
knowledge and expertise has been influential and essential for the success of the project. 
Your guidance has helped shape my thought processes and finally understand the 
importance of ‘timely’ submission for feedback. The submission of this thesis has been far 
less stressful with the guidance you have provided. I am thankful for the opportunities you 
have given me to hone my skills outside of the academic environment, even if it’s doing 
presentations that I am slowly beginning to be less terrified of.  
To my industrial supervisor Calvin, and everyone at ATL, thank you for trusting me 
with your equipment. The knowledge and skills I’ve learnt ‘on the job’ are invaluable and I 
can only hope to continue to repay energy you have invested in me as I continue to hone my 
skills as an employee. I also pledge to repay you with baked goods. 
At Cranfield University Christine, Luis, John, and Tim, what a great team we make! I 
can only hope we continue to work together to make this a success. 
To my sisters, thank you for your continued support and messages of ‘you can do it’. I 
did, thanks to you. Fiona, I promise I won’t scare you with any more maths. Naomi, will you 
admit I’m more educated than you now?  Donna, you pulled the eldest sister card well and 
instilled the fear in me to get it done! Dad, I hope to continue to make you proud and I’ll 
keep reaching for the stars! Mum, you give us all the courage to be who we are, wear all the 
animal prints, and follow our dreams. You taught us all to work hard and that we can 
achieve anything we set our mind to, even statistical analysis. Now this is done it’s 
definitely time for hollibobs! 
Naomi Joy Todd, you have been my strongest support, strictest taskmaster, and 
supplier of infinite biscuits to get me through when low battery mode strikes. When I see 
myself reflected through your eyes it gives me the self-belief and confidence to know that I 
can achieve anything. I promise you can have your desk back on #capabilitytheboat now 
and I can’t wait for where the next adventure takes us. 
 
 
  
vii 
Contents 
Abstract.................................................................................................................................................. ii 
Table of Figures ................................................................................................................................ xiii 
List of Tables ....................................................................................................................................... xx 
1 Introduction ..................................................................................................................................... 1 
1.1 Motivation ..................................................................................................................... 1 
1.2 Background and innovation ....................................................................................... 3 
1.3 Aim and objectives ....................................................................................................... 4 
1.4 Project funding and collaboration ............................................................................. 4 
1.5 Structure ........................................................................................................................ 5 
2 Principles and prior art .................................................................................................................. 7 
2.1 Introduction .................................................................................................................. 7 
2.2 Chemical vapour deposition ...................................................................................... 8 
 Overview ............................................................................................................... 8 
 Principles ............................................................................................................... 8 
 Types of CVD processes .................................................................................... 12 
 CVD deposition equipment .............................................................................. 15 
 CVD coating structure ....................................................................................... 17 
 Advantages and disadvantages ....................................................................... 19 
 Applications ........................................................................................................ 21 
 Summary ............................................................................................................. 21 
2.3 Tantalum ..................................................................................................................... 22 
 Overview ............................................................................................................. 22 
 History, phases and properties ........................................................................ 22 
 Applications ........................................................................................................ 30 
viii 
 Summary ............................................................................................................. 32 
2.4 Tantalum chemical vapour deposition ................................................................... 32 
 Overview ............................................................................................................. 32 
 Process ................................................................................................................. 33 
 Current state of the art ....................................................................................... 37 
 The issue addressed by this technology.......................................................... 39 
 Summary ............................................................................................................. 43 
2.5 Statistical design of experiments .............................................................................. 44 
 Overview ............................................................................................................. 44 
 Design of Experiments ...................................................................................... 44 
 Taguchi Methodology ....................................................................................... 48 
 Response Surface Methodology ....................................................................... 50 
 Hybrid approaches ............................................................................................ 53 
 Applications ........................................................................................................ 54 
 Summary ............................................................................................................. 55 
2.6 Concluding remarks .................................................................................................. 55 
3 Experimental methods and equipment ..................................................................................... 57 
3.1 Introduction ................................................................................................................ 57 
3.2 Materials ...................................................................................................................... 57 
3.3 CVD deposition equipment ...................................................................................... 59 
 Overview ............................................................................................................. 59 
 Pilot plant ............................................................................................................ 60 
 Up-scaled deposition facility ............................................................................ 63 
 Summary ............................................................................................................. 75 
3.4 Tantalum CVD process and parameters ................................................................. 76 
3.5 Characterisation tools ................................................................................................ 78 
ix 
 Overview ............................................................................................................. 78 
 Mass change method for coating thickness .................................................... 78 
 Scanning electron microscopy (SEM), energy dispersive X-ray analysis 
(EDX) and etchants ........................................................................................................ 79 
 X-ray Diffraction (XRD) and tantalum phase content .................................. 81 
 Electron backscatter detection (EBSD) ............................................................ 85 
 Knoop Hardness (HK) ....................................................................................... 86 
 Precision Adhesion Testing (PAT) and X-ray Fluorescence (XRF) ............. 88 
 Differential Scanning Calorimetry (DSC) and Thermogravimetric analysis 
(TGA) 88 
 Three-point bend test and acoustic emission ................................................. 90 
 Hydrochloric acid immersion testing .............................................................. 90 
 C-ring stress-corrosion test ............................................................................... 92 
3.6 Concluding remarks .................................................................................................. 93 
4 Process optimisation using sequential, hybrid, multi-response statistical design of 
experiments ......................................................................................................................................... 94 
4.1 Introduction ................................................................................................................ 94 
4.2 Process optimisation experimental design ............................................................. 95 
 Overview ............................................................................................................. 95 
 Process evaluation, factors and system responses ........................................ 97 
 Hybrid sequential experimental design ........................................................ 100 
 Summary ........................................................................................................... 107 
4.3 Taguchi screening study ......................................................................................... 107 
 Introduction ...................................................................................................... 107 
 Experimental results ........................................................................................ 108 
 Statistical analysis ............................................................................................ 123 
x 
 Discussion ......................................................................................................... 127 
 Trade-off ............................................................................................................ 135 
 Summary ........................................................................................................... 136 
4.4 Taguchi Validation Trials ........................................................................................ 137 
 Overview ........................................................................................................... 137 
 Experimental Trials .......................................................................................... 137 
 Results ................................................................................................................ 138 
 Discussion ......................................................................................................... 140 
 Alternate optimisation ..................................................................................... 140 
 Summary ........................................................................................................... 143 
4.5 Response Surface Optimisation ............................................................................. 144 
 Overview ........................................................................................................... 144 
 Experimental trials ........................................................................................... 144 
 Experimental results ........................................................................................ 145 
 Statistical analysis ............................................................................................ 153 
 Multi-response optimisation .......................................................................... 162 
 Discussion ......................................................................................................... 163 
4.4 Sequential multi-response optimisation ............................................................... 166 
4.5 Conclusions ............................................................................................................... 167 
5 Tantalum coating properties ..................................................................................................... 170 
5.1 Introduction .............................................................................................................. 170 
5.2 Coating ‘quality’ ....................................................................................................... 170 
 Overview ........................................................................................................... 170 
 Results ................................................................................................................ 171 
 Discussion ......................................................................................................... 178 
 Summary ........................................................................................................... 180 
xi 
5.3 Uniformity ................................................................................................................. 180 
5.4 Alternative substrates .............................................................................................. 185 
5.5 Tantalum coating phase constitution .................................................................... 187 
 Introduction ...................................................................................................... 187 
 Tantalum coating phase distribution ............................................................ 188 
 Tantalum coating phase composition ........................................................... 199 
 Tantalum coating phase transformation ....................................................... 203 
 Summary ........................................................................................................... 213 
5.6 Mechanical performance ......................................................................................... 214 
 Overview ........................................................................................................... 214 
 Adhesion testing ............................................................................................... 214 
 Three-point bend testing ................................................................................. 217 
 Summary ........................................................................................................... 224 
5.7 Concluding remarks ................................................................................................ 224 
6 Tantalum coating corrosion performance ............................................................................... 227 
6.1 Introduction .............................................................................................................. 227 
6.2 Hydrochloric acid static immersion testing ......................................................... 227 
 Overview ........................................................................................................... 227 
 ‘Cold’ HCl immersion testing......................................................................... 228 
 Boiling HCl immersion testing ....................................................................... 233 
6.3 C-ring stress corrosion testing ................................................................................ 233 
 Overview ........................................................................................................... 233 
 Preparation of samples .................................................................................... 234 
 Test results......................................................................................................... 238 
 Summary ........................................................................................................... 242 
6.4 Concluding remarks ................................................................................................ 243 
xii 
7 Concluding remarks and recommendations for future work .............................................. 244 
7.1 Introduction .............................................................................................................. 244 
7.2 Process ....................................................................................................................... 244 
7.3 Properties .................................................................................................................. 245 
7.4 Performance .............................................................................................................. 246 
7.5 Recommendations for future work ....................................................................... 247 
References ......................................................................................................................................... 250 
Appendix A: ASTM standard steel carbon steel composition ................................................... 261 
Appendix B: XRD reference patterns (JCPDS – ICDD, 2018) .................................................... 262 
Alpha-Ta reference pattern .............................................................................................. 262 
Beta-Ta reference pattern .................................................................................................. 264 
Appendix C: DOE optimisation additional response date ........................................................ 267 
Taguchi screening study coating comments .................................................................. 267 
Taguchi screening study XRD plots ................................................................................ 268 
RSM CCD observations .................................................................................................... 269 
RSM CCD XRD plots ......................................................................................................... 270 
Appendix D: Taguchi screening study full statistical analysis .................................................. 271 
Deposition rate ................................................................................................................... 271 
Beta phase fraction ............................................................................................................. 273 
Knoop hardness ................................................................................................................. 276 
Appendix E: Response Surface Optimisation full statistical analysis ...................................... 279 
Deposition rate ................................................................................................................... 279 
Beta phase fraction ............................................................................................................. 282 
Knoop Hardness full set ................................................................................................... 284 
Knoop Hardness reduced set ........................................................................................... 287 
 
xiii 
Table of Figures 
Figure 1-1: Materials science tetrahedron showing relationship between materials structure, 
properties, performance, and processing (adapted from Cross et al., 2015) ............................... 2 
Figure 2-1: Schematic of the steps of the CVD process ................................................................... 9 
Figure 2-2: Generic CVD Arrhenius plot showing the surface/kinetic controlled region (a), 
the mass transport/diffusion controlled region (b), and the desorption/depletion region (c) 10 
Figure 2-3: The relationship between CVD properties, process parameters, and rate-limiting 
factors (Adapted from Choy, 2003) ................................................................................................. 12 
Figure 2-4: CVD coating structure zone model (After Pierson, 1992) ........................................ 18 
Figure 2-5: α-Ta BCC structure (left), β-Ta structure (Arakcheeva, Chapius & Grinevitch. 
2003, or Jiang right) ............................................................................................................................ 25 
Figure 2-6: JCPDS reference pattern peaks for β-Ta (blue) and α-Ta (red) Ta in the 30 - 80° 2θ 
range. ................................................................................................................................................... 26 
Figure 2-7: Sputtered Ta coatings of increasing thickness (a-d) cross-section micrographs 
with visible α-Ta (dark) and β-Ta (light) regions (Myers et al., 2013) ........................................ 27 
Figure 2-8: Tantalum Pourbaix diagram (McCafferty, 2010) ....................................................... 29 
Figure 2-9: Corrosion resistance of selected materials in varying concentration HCl at 
varying temperatures (Extreme Bolt & Fastener, 2016) ................................................................ 30 
Figure 2-10: Tantaline™ coating schematic (Extreme Bolt & Fastener, 2016, left) an cross-
section micrograph (with permission from Cranfield University, right) identifying interfacial 
‘alloy’ zone of interdiffusion substrate ........................................................................................... 38 
Figure 2-11: Images of unplanned failures of  PTFE lined pipework (Makarek, email, 2015) 42 
Figure 2-12: Generalised CVD process block diagram ................................................................. 45 
Figure 3-1: Recycled scrap tantalum material in delivered form (left) and cut into sections for 
use (right) ............................................................................................................................................ 57 
Figure 3-2: APCVD pilot plant schematic ....................................................................................... 61 
Figure 3-3: Model of 10” chamber and split-body furnace .......................................................... 64 
Figure 3-4: Large AP/LP - CVD system schematic ........................................................................ 65 
Figure 3-5: Integrated new large-scale deposition facility CAD model showing (right to left) 
precursor generator systems, 10” reaction chamber in split body furnace, and vacuum 
pumping systems and electrical control boxes .............................................................................. 66 
xiv 
Figure 3-6: COMSOL modelling results showing even temperature distribution inside the 
reaction vessel and temperature flow along the heatshields and into the vessel walls  
(previous page), gas speeds shown increasing through holes through the bottom heat shields 
(above ) ................................................................................................................................................ 69 
Figure 3-7: Installed larger deposition system at ATL .................................................................. 70 
Figure 3-8: Large furnace temperature profile maps at 4 furnace points heating from room 
temperature, to process temperature, to heat treatment temperature, and cool down 
showing temperature gradient down the furnace length ............................................................ 71 
Figure 3-9: 'Cone' inlet CAD model (top), gas speed COMSOL simulation (middle) showing 
reduction in gas speed during expansion in the cone, and temperature profile (bottom) 
displaying uniform process temperature in reaction chamber ................................................... 74 
Figure 3-10: Commercial Ta coating on 316 stainless steel diffraction pattern (top) against 
standard α (red) and β (blue) reference patterns........................................................................... 82 
Figure 3-11: Simulated α-Ta (left), and β-Ta (right), Kikuchi patterns (Marshall, 2018). ........ 86 
Figure 3-12: Knoop indent measurement ....................................................................................... 87 
Figure 3-13: DSC scan of 400 nm sputtered tantalum film between 404-416°C showing 
exothermic β→α Ta transition peak (Knepper, 2007) ................................................................... 89 
Figure 3-14: Three-point bend test set up (with permission from Cranfield University) ........ 90 
Figure 3-15: Corrosion test set up (with permission from Cranfield University) ..................... 91 
Figure 4-1: TM-RSM hybrid DOE flow chart ................................................................................. 96 
Figure 4-2: Ta APCVD cause and effect diagram .......................................................................... 97 
Figure 4-3: Taguchi screening study sample 1 measured Ta coating cross-section ............... 109 
Figure 4-4: Selected Taguchi screening sample diffraction patterns between 30-80° (2θ) 
showing mixed phase (top), β-dominant (middle), and α-dominant (bottom) coatings 
relative to reference patterns .......................................................................................................... 112 
Figure 4-5: Taguchi sample 6 diffraction pattern between 30-80° 2θ ....................................... 113 
Figure 4-6: Sample 5 diffraction pattern with overlaid β-Ta reference peaks between 30-80° 
2θ ........................................................................................................................................................ 115 
Figure 4-7: Sample 2 diffraction pattern with overlaid α and β-Ta reference peaks between 
30-80° 2θ ............................................................................................................................................ 117 
xv 
Figure 4-8: Face-on overlaid view of all Taguchi screening study sample diffraction patterns 
between 30-80° 2θ demonstrating variance in peak locations and intensities ........................ 119 
Figure 4-9: Taguchi screening study samples HK vs. %β with error bars of 1SD of population 
data ..................................................................................................................................................... 121 
Figure 4-10: Plots of Taguchi screening study mean factor responses for (a) deposition rate 
(μm/hr) (b) %β and (c) HK .............................................................................................................. 123 
Figure 4-11: Taguchi S/N ratio plots of data means of (a) deposition rate (μm/hr), (b) β phase 
content, and (c) HK .......................................................................................................................... 125 
Figure 4-12: Taguchi factor percentage contribution values on deposition rate (μm/hr), β-Ta 
phase content (%), and HK ............................................................................................................. 127 
Figure 4-13: Arrhenius plot of deposition rate against 1000/deposition temperature (K) for 
Taguchi screening study results .................................................................................................... 131 
Figure 4-14: Experimental (blue) vs. predicted (gold) responses using theoretical models for 
(a) deposition rate (μm/hr), (b) β-Ta phase content (%) and (c) and Knoop hardness .......... 133 
Figure 4-15: Taguchi screening study factor interaction plot for proportion of β-Ta phase 
showing intersecting lines indicative of factor interactions for all combinations of factors at 
the majority of factor levels ............................................................................................................ 134 
Figure 4-16: Taguchi screening study validation study experimental vs. predicted results for 
(a) deposition rate (μm/hr), (b) β-Ta phase content (%) and (c) HK ......................................... 140 
Figure 4-17: Taguchi β phase 'larger-the better' S/N ratio .......................................................... 141 
Figure 4-18: Maximised β-Ta phase trial XRD diffraction pattern between 30-70° 2θ with 
overlaid β-Ta reference pattern ...................................................................................................... 143 
Figure 4-19: RSM CCD optimisation study selected sample diffraction patterns between 30-
80° 2θ showing mixed phase (top), β-dominant (middle), and α-dominant (bottom) coatings 
relative to α-Ta (red) and β-Ta (blue) reference patterns ........................................................... 148 
Figure 4-20: RSM CCD optimisation sample 17 measured microhardness indent micrograph
 ............................................................................................................................................................ 149 
Figure 4-21: HK vs. %β for RSM CCD samples ........................................................................... 150 
Figure 4-22: Plots of RSM CCD optimisation study mean factor level effects on (a) deposition 
rate (μm/hr), (b) %β, and (c) HK .................................................................................................... 153 
xvi 
Figure 4-23: RSM CCD optimisation study linear, square, and interacting factor percentage 
contribution to deposition rate (μm/hr), β phase content (%), and HK responses ................. 156 
Figure 4-24:RSM CCD optimisation study Pareto charts of model factors on (a) deposition 
rate (μm/hr), (b) β-Ta content (%)  and (c) HK ............................................................................ 158 
Figure 4-25: RSM CCD optimisation study contour plots (a) Cl2*Position for deposition rate, 
(b) H2 flow*Position for %β and (c) Ar*Position for HK ............................................................. 159 
Figure 4-26: RSM CCD optimisation study surface plots (a) Cl2*Position for deposition rate, 
(b) H2 flow*Position for %β and (c) Ar*Position for HK ............................................................. 160 
Figure 4-27: RSM CCD optimisation study overlaid contour plot for all responses to generate 
HK 200-400, %β, and a deposition rate of  > 20µ ......................................................................... 161 
Figure 4-28: RSM CCD multi-response optimisation plot showing ‘optimum’ factor values 
over the design space to produce the desired response characteristics ................................... 162 
Figure 4-29: RSM CCD optimisation study actual vs predicted response (a) Deposition rate 
(μm/hr), (b) %β (%), (c) HK and (d) HK reduced set .................................................................. 164 
Figure 5-1: Commercial reference Ta coated 316 cross-section micrographs showing 
conformity around substrate (a), interfacial region (b), and potential porosity (c) ................ 172 
Figure 5-2: Ta coatings on 316 stainless steel cross-section micrographs showing measured 
thickness (a), variation around sharp corners (b), visible and measure interfacial zone (c) & 
(d) ....................................................................................................................................................... 173 
Figure 5-3: Early Ta coating on mild steel cross-section micrographs showing porosity and 
wide interfacial zone, and coating delamination (with permission from Cranfield University)
 ............................................................................................................................................................ 174 
Figure 5-4: Improved Ta coatings on mild steel cross-section micrographs displaying 
minimal porosity or delamination and narrow interfacial zone (with permission from 
Cranfield University, bottom) ........................................................................................................ 175 
Figure 5-5: Surface morphology of APCVD Ta on 316 (a) & (c) (with permission from 
Cranfield University) and LPCVD Ta (b) & (d) coating on mild steel ..................................... 176 
Figure 5-6: EDX line scan of Ta-substrate interface ..................................................................... 177 
Figure 5-7: XRF measurements around sample 2479 support hole of both faces at 0.5, 2, and 5 
mm distances .................................................................................................................................... 184 
Figure 5-8: Ta coatings on 316 M10 and ¼”fittings with step coverage of internal threads . 185 
xvii 
Figure 5-9: Cross-section micrographs of Ta coatings on (a) Mo wire, (b) Nb wire, (c) Ni-Cr 
alloy wire and (d) N-Cr higher magnification (with permission from Cranfield University)
 ............................................................................................................................................................ 187 
Figure 5-10: HF-based etched cross-section of (a) 2202-1 Stainless steel, (b) 2202-3 mild steel 
and (c) Tantaline with scale bar of 20 μm (with permission from Cranfield University) ..... 189 
Figure 5-11: Oxalic acid based etched cross-section of (a) 2202-1 Stainless steel, (b) 2202-3 
mild steel and (c) Tantaline with scale bar of 50 μm (with permission from Cranfield 
University) ........................................................................................................................................ 190 
Figure 5-12: Oxalic acid-etched cross-section micrographs of samples (a) 2515, (b) 2517, (c) 
2521 all on A106A carbon steel and (d) Tantaline on stainless steel. (with permission from 
Cranfield University) ....................................................................................................................... 191 
Figure 5-13: β-Ta Kikuchi diffraction patterns (Marshall, 2019) ............................................... 194 
Figure 5-14: (a) SE Image, (b) Pattern Quality map, (c) β-Ta Euler Orientation map and (d) α-
Ta Euler Orientation map (Marshall, 2019) .................................................................................. 195 
Figure 5-15: (a) α-Ta Euler orientation map, (b) Reconstructed EBSD map, (c) Pattern quality 
and (d) Euler orientation map (Marshall, 2019) ........................................................................... 197 
Figure 5-16: Mean factor effects on β-Ta phase content (a) Deposition temperature (b) H2 
flow (c) Cl2 flow (d) Ar flow (e) Position ...................................................................................... 201 
Figure 5-17: Diffraction patterns of Ta coated carbon steel (right) and stainless steel (left) 
after successive heat treatments showing reduction in β-Ta peaks and increase in α-Ta peaks 
(with permission from Cranfield University) .............................................................................. 205 
Figure 5-18: Oxalic etched cross-section of Ta coating on 316 after varying heat treatments 
showing reduction in lighter contrast areas of β-Ta (with permission from Cranfield 
University) ........................................................................................................................................ 207 
Figure 5-19: Ta foil diffraction pattern showing dominant α and some β Ta peaks .............. 209 
Figure 5-20: SDT trial 1 results with no visible peaks ................................................................. 210 
Figure 5-21: SDT trial 2 results showing two detected peaks at approximately 600°C and 
950°C .................................................................................................................................................. 211 
Figure 5-22: DSC Exothermic peaks at (a) 600°C and (b) 950°C ................................................ 212 
xviii 
Figure 5-23: PAT test results of Sample 2424 before (a) and after (b) heat treatment showing 
significantly reduced coating delamination and transfer (with permission from Cranfield 
University) ........................................................................................................................................ 216 
Figure 5-24: Sample 2478 after three-point bend test showing cracking on both the tensile 
and compressive surface (with permission from Cranfield University) .................................. 220 
Figure 5-25: Acoustic emissions detected for 2478 (a) showing displaying events above 
background  and 2517 (b) showing no events above background (with permission from 
Cranfield University) ....................................................................................................................... 221 
Figure 5-26: Sample 2517 under test (with permission from Cranfield University) .............. 221 
Figure 5-27: Sample 2517 cross-section after testing with visible cracks in interfacial zone 
(with permission from Cranfield University) .............................................................................. 222 
Figure 5-28: (a) Sample 2521 and (b) 2526 showing coating failure (with permission from 
Cranfield University) ....................................................................................................................... 223 
Figure 6-1: Ta coated 316 plate before (top) and after RT HCl immersion testing (bottom) 
showing large-scale destruction of the steel substrate (with permission from Cranfield 
University) ........................................................................................................................................ 228 
Figure 6-2: Ta coated 316 cylinders showing no corrosion (left), and corrosion after RT HCl 
immersion testing (right) (with permission from Cranfield University) ................................. 229 
Figure 6-3: Ta coated mild steel (left), and 316 stainless steel (right), before and after 37% 
HCl immersion test (with permission from Cranfield University) ........................................... 229 
Figure 6-4: 1h cold HCl corrosion test results of 2517 (a) showing no discolouration and 
minimal substrate damage and 2478 (b) indicating corrosion (with permission from 
Cranfield University) ....................................................................................................................... 231 
Figure 6-5: Mo (a) and Nb (b) wire micrographs before and after immersion in HCl for 1h 
indicating corrosion/thinning of theta coating on Mo (with permission from Cranfield 
University) ........................................................................................................................................ 232 
Figure 6-6: Constant stress arrangement and C-ring engineering drawing (ASTM, 2013 and 
with permission from Cranfield University) ............................................................................... 234 
Figure 6-7: Machined C-ring samples ........................................................................................... 235 
Figure 6-8: Ta coated C-ring samples ............................................................................................ 236 
xix 
Figure 6-9: C-ring strain gauge and slip disc measurement of deformation gap (with 
permission from Cranfield University) ......................................................................................... 237 
Figure 6-10: Stressed C-ring sample (with permission from Cranfield University) ............... 237 
Figure 6-11: C2 corrosion after testing showing extensive localised damage (with permission 
from Cranfield University) ............................................................................................................. 240 
Figure 6-12: Sample C4 after C-ring stress corrosion test displaying negligible damage or 
corrosion (with permission from Cranfield University)............................................................. 242 
 
 
  
xx 
List of Tables 
Table 2-1: Summary of prominent alternative CVD methods (Adapted from Choy (2003) & 
Carlsson & Martin (2010)) ................................................................................................................. 14 
Table 2-2: Selected properties of bulk tantalum, α-Ta, and β-Ta materials ............................... 24 
Table 2-3: Comparison of pipeline and fitting materials used in the chemical processing 
industry ............................................................................................................................................... 41 
Table 2-4: Key characteristics of Taguchi and Response Surface Methodologies ..................... 53 
Table 3-1: Selected steel substrate materials used over the project ............................................. 58 
Table 3-2: Commercial Ta coating diffraction peak data .............................................................. 83 
Table 3-3: Peak data for commercial tantalum reference coating ............................................... 84 
Table 4-1: Taguchi screening factors and levels ............................................................................. 98 
Table 4-2: Taguchi screening study coded factor and levels ...................................................... 101 
Table 4-3: L18 orthogonal array in coded values ......................................................................... 101 
Table 4-4: Randomised L18 array .................................................................................................. 102 
Table 4-5: RSM CCD design space ................................................................................................. 104 
Table 4-6: RSM CCD experimental design ................................................................................... 105 
Table 4-7: Taguchi screening study results .................................................................................. 108 
Table 4-8: Taguchi sample thickness measurements .................................................................. 110 
Table 4-9: Taguchi screening study Sample 6 peak list .............................................................. 113 
Table 4-10: Taguchi screening study Sample 6 lattice parameter ............................................. 114 
Table 4-11: Taguchi screening study Sample 5 peak list ............................................................ 116 
Table 4-12: Taguchi screening study Sample 2 peak list ............................................................ 117 
Table 4-13: Sample 2 lattice parameter .......................................................................................... 118 
Table 4-14: Taguchi screening study calculated β-Ta phase content for all samples ............. 120 
Table 4-15: Taguchi mean factor effects at factor levels for all responses ................................ 121 
Table 4-16: Taguchi ANOVA results ............................................................................................. 126 
Table 4-17: Taguchi screening study optimal factor levels trade-off ........................................ 135 
Table 4-18: Taguchi screening study validation level response predictions ........................... 138 
Table 4-19: Taguchi screening study validation trial response results ..................................... 138 
Table 4-20: β-Ta dominant optimisation Taguchi analysis ........................................................ 141 
Table 4-21: Optimal β phase factor levels and response variance ............................................. 142 
xxi 
Table 4-22: RSM CCD factor levels ................................................................................................ 144 
Table 4-23: RSM CCD measured responses for randomised coating trial factor configurations
 ............................................................................................................................................................ 146 
Table 4-24: RSM CCD optimisation study average factor level effects .................................... 151 
Table 4-25: RSM CCD optimisation study uncoded regression equations .............................. 154 
Table 4-26: RSM CCD optimisation study ANOVA ................................................................... 155 
Table 4-27: RSM CCD optimisation study optimal factor values .............................................. 163 
Table 4-28 : TM vs. TM-RSM statistical results ............................................................................ 167 
Table 5-1: XRF measurements ........................................................................................................ 182 
Table 5-2: β-Ta phase content of coatings after varying heat treatments ................................. 206 
Table 5-3: PAT testing results ......................................................................................................... 215 
Table 5-4: Three-point bend test samples ..................................................................................... 218 
Table 6-1: Immersion test results ................................................................................................... 230 
Table 6-2: C-ring sample reference table ....................................................................................... 236 
Table 6-3: C-ring sample corrosion test results summary .......................................................... 239 
 
  
xxii 
Abbreviations  
APCVD – atmospheric pressure chemical vapour deposition 
ATL- Archer Technicoat Ltd 
BCC – body centred cubic 
CCD – central composite design 
CVD – chemical vapour deposition 
DOE – design of experiments 
HK – Knoop hardness 
IEU – industrial end user 
InTaCT – ‘Innovative Tantalum Coating Technology’ 
LPCVD – low pressure chemical vapour deposition 
MAC – mass attenuation coefficient 
PAT – precision adhesion testing 
PC – percentage contribution 
PVD – physical vapour deposition 
RSM – response surface methodology 
SCC – stress corrosion cracking 
UHTC – ultra-high temperature ceramic 
 
α-Ta – alpha tantalum 
β-Ta – beta tantalum 
%β – beta phase fraction 
1 
1 Introduction 
 
1.1 Motivation 
 
This thesis details the investigation of tantalum (Ta) chemical vapour deposition 
(CVD) coatings generated at the sponsor organisation Archer Technicoat Ltd (ATL) on 
varying carbon content steels primarily for use as corrosion resistant coatings in the 
chemical processing industry. Corrosion is an ongoing and serious problem for UK industry 
across a wide variety of sectors. Studies indicate a general cost of corrosion in the region of 
3.5% of GDP (NACE, 2015). Based on 2018 figures this would put the cost of corrosion to UK 
business in the region of over £70 billion (ONS, 2019). The Hoar Report (1970), suggested 
that 23% of this could be saved through the ‘better use of current knowledge and 
techniques’ (Hoar, 1970, from NACE 2015), such as the development of Ta coatings for 
improved performance contained in this study.  
The traditional paradigm for materials science is the materials science tetrahedron, 
Figure 1-1, that highlights the intrinsic link between material performance, as a result of 
properties that are defined by the material structure. Structure that is a direct result of the 
process used to produce them. For coatings deposited using CVD the structure and 
properties of the coating can be related to the process and parameters used to produce it 
(Blocher Jn, 1974). The investigation into this inherently linked relationship involved 
iterative and continual analysis and refinement using hybrid statistical design of experiment 
(DOE) methodologies, collaboration between various parties, and numerous analytical tools. 
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Figure 1-1: Materials science tetrahedron showing relationship between materials structure, properties, 
performance, and processing (adapted from Cross et al., 2015) 
 
The design process for industrial materials, however, does not solely rely on the 
relationship defined in Figure 1-1. Alternate factors considered during the project in relation 
to the CVD process included economic efficiency and the sustainability of limited resources. 
The Ta CVD process used and developed as part of this project considers these factors in a 
two-fold approach. Firstly, the Ta coating deposition process featured in-situ tantalum 
chloride (TaCl5) precursor generation through the direct chlorination of scrap and recycled 
Ta materials. The reuse and recycling of a precious resource offers economical savings and a 
move towards a sustainable cradle-cradle approach to production. Ta is a refractory metal in 
high demand in processing, mining and medical industries and the supply of this material is 
finite. The second consideration was the application of the Ta coatings on ‘cheaper’ substrate 
materials. In this case, alternate carbon steels were used instead of 316 stainless steel that is 
the primary commercial offering of Ta coated materials. Both factors enable a cost-effective 
solution compared to solid Ta parts that are prohibitively expensive to employ plant wide in 
chemical processing industries, and instead restricted to the most extreme, sensitive, and 
essential systems such as reaction vessels.  
In addition to corrosion protection Ta coatings can offer improved performance in 
alternate fields. Recent times have seen renewed interest in the technology for a wide range 
of applications including, biomedical implants (Hee et al., 2018; Ghorbani et al., 2017), and 
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for electrical applications such as diffusion barriers between copper and silicon (Colin et al., 
2017; Al-masha’at et l., 2016), capacitors and resistors (Magginetti, Tian and Tiwari, 2017; 
Jara et al., 2016), and as a replacement for Hard Chrome coatings that have fallen under 
REACH regulations (Niu et al., 2017; Myers et al., 2013; Lee et al., 2010). 
 
1.2 Background and innovation 
 
Ta CVD processes have been well documented since the initial work of Powell, 
Cambell & Gosner (1948), in the 1940s. There is an existing sole commercial standard, 
Tantaline™, that offers Ta coatings on 316 stainless steel. Historically, however, having 
garnered traction in the early 1970’s, Ta coatings on higher carbon steels have been notably 
difficult to produce of an equivalent standard (Glaski, 1973; Béguin, Hovarth & Perry, 1977). 
Another observation in the literature, is that of the dual-phase nature of Ta (α-Ta and β-Ta)  
coatings deposited through varying methods such as CVD and physical vapour deposition 
(PVD) (Colin et al, 2017; Myers et al., 2013; Levesque & Bouteville, 2004; Matson et al., 2000), 
despite the premature assumption that it would not affect CVD coatings due to β-Ta being 
an issue restricted to sputtered films (Baker, 1972). Many of the varied applications 
mentioned above require one phase over the other due to their markedly different 
properties (Ellis et al., 2016; Lee at al., 2004). 
The innovation undertaken through the project and detailed herein aims to address 
both issues through the development of Ta coatings and process on carbon steels of varying 
carbon content between 0.08-0.35 wt.%. The project also addressed the duality of Ta phases 
in deposited coatings, how they could be controlled through the process, and their symbiotic 
effect on the properties and performance of the materials. In doing so, the project employed 
hybrid statistical DOE methods traditionally not used in CVD process optimisation and 
developed new deposition equipment to enable coating of larger and more complex 
geometries using computer aided modelling. 
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1.3 Aim and objectives 
 
The core project aim was to develop a Ta CVD process to produce bulk > 25 μm 
(Mittal, 1978), coatings with the desired phase characteristics on steel substrates of varying 
carbon content to offer comparative performance in chloride-containing process 
environments. To achieve this, the underlying objectives of the project were to: 
 
 Optimise a pilot-scale Ta CVD deposition process and evaluate the use of statistical 
design of experiment methods for CVD processes 
 Design and install new deposition facilities 
 Produce Ta CVD coatings on steel substrates from 0.08-0.35 wt.%Cmax 
 Analyse deposited coatings in respect to thickness, coverage uniformity, phase 
content, and mechanical and corrosion performance  
 Identify trends in phase composition and distribution in relation to substrate 
materials the deposition process 
 Identify optimal phase control conditions such as post-deposition heat treatments 
 Correlate the mechanical performance and adhesion of the coatings with the applied 
deposition process to identify the optimal process 
 Test deposited coatings in representative operational conditions to determine 
attainable corrosion rates 
  
Progress towards the project aim and these objectives is documented over the course 
of this work and will be reviewed in chapter 7. 
 
1.4 Project funding and collaboration 
 
In addition to joint EPSRC/ATL EngD funding, part of the work included in this report 
is the culmination of a year-long Innovate UK funded project that ran from November 2017 
to October 2018. This funding was secured under the Industrial Strategy Challenge Fund 
(ISCF) for a previous application under the surface engineering and coatings technology 
competition. The theme of the project aligned with ongoing development of Ta CVD 
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coatings for corrosion resistance and enabled a scale-up towards commercial levels through 
design and installation of larger deposition facilities at ATL. 
ATL were the lead organisation of a project consortium consisting of Cranfield 
University and a large, multinational industrial end-user (IEU) operating in the chemical 
processing and production industry. Responsibilities within the consortium were: 
 
 ATL – Design and installation of larger deposition facilities, sample preparation, 
deposition of Ta coatings on various substrate materials, correlation of process to 
sample geometries, analysis of deposited coatings 
 Cranfield University - sample preparation, analysis of deposited coatings 
 IEU – provision of substrate materials and specification for operating environment 
conditions and material requirements, sample preparation 
 
Chapters 5 and 6 include analytical work conducted by members of this consortium and 
this work has been identified and credited where appropriate. Primarily the subdivision of 
works was such that coatings prepared by the author underwent comparative and 
additional analysis at Cranfield University Surface Engineering department in relation to 
microscopic analysis, comparative phase content and transformation data, mechanical 
properties, and corrosion testing. The analysis was conducted by Dr Christine Chalk, Dr 
Luis Isern Arrom and Tim Pryor, with additional input from Professor John Nicholls. 
Permission has been obtained from those mentioned for inclusion of data and images in this 
thesis. The work will also form additional literature in an application development note on 
the sponsor’s website, and additional peer-reviewed publications in the area of the Ta phase 
properties and corrosion performance of deposited coatings. 
 
1.5 Structure 
 
The thesis charts the project work undertaken via the following framework: an 
overview of prior art and principles relating to tantalum, its properties, and deposition 
through chemical vapour deposition methods is provided in chapter 2 following this 
introduction. This is followed in chapter 3 by descriptions of the materials, process 
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parameters and equipment used in the work. Details regarding equipment development and 
scale-up under the Innovate UK funded project are presented from initial design through to 
installation and commissioning. The analytical tools used in the characterisation and 
investigation of deposited coatings are described. 
Following from these sections the thesis moves to present the process, properties and 
performance development and data gathered. Process optimisation using statistical design 
of experiment methods comprises chapter 4 detailing the theoretical basis, experimental 
design, conduction and measured response data, and subsequent analysis. This chapter is an 
extended version of the peer-review article entitled ‘The application of hybrid sequential 
design of experiments methods for the tailoring of Ta APCVD coating properties’. 
Chapter 5 develops the tantalum coating phase properties and modification initially 
observed during the optimisation process. The coating property data is also further matured 
though the investigation of attributes such as coating coverage and composition, and 
mechanical testing such as precision adhesion and three-point bend testing. The triad of 
material design characteristics is completed in chapter 6 through the corrosion test 
performance of deposited tantalum coatings.  
The thesis concludes with a summation of the detailed chapters and consideration of 
the pertinent outcomes against the project aims and objectives detailed above. 
Recommendations for additional works are made, and such suggestions are to be taken 
forward as the technology continues to be developed by the author, the sponsor 
organisation, and the wider consortium involved in the project towards an alternate, 
commercially competitive, performance and safety enhancing alternative for the protection 
of critical components in highly corrosive environments.  
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2 Principles and prior art 
 
2.1 Introduction 
 
The following sections provide an outline and review of the principles and literature 
surrounding the core themes of the project. To begin, an exploration of the key topics and 
characteristics of chemical vapour deposition (CVD) as a coating deposition/surface 
modification technique is presented. Thought is given to the various types of CVD, their 
applications, and the equipment used as the project undertaken involved the design and 
build, of scaled-up deposition equipment.  
Tantalum (Ta) properties, phase characteristics and applications are presented in 
relation to the bulk materials and Ta coating deposition techniques such as physical and 
chemical vapour deposition. These two topics then converge in a review of the previous 
development of Ta CVD coatings, and the historical issues surrounding them. 
One such application of the Ta CVD coating technology, as corrosion resistant coatings 
for the chemical processing industry (CPI), formed the primary motivation for the coating 
development. CPI applications provided the required specification of the coating 
performance and optimisation, and as such brief consideration is given to this industry, 
existing materials used, and the problem with corrosion.  
In addition to the equipment and hardware development undertaken in the project, 
process development and optimisation was conducted through the employment of a hybrid 
statistical design of experiments (DOE) methodology. The final section of this chapter 
presents the foundations of this approach in terms of DOE principles, theory and 
applications. Issues and limitations with individual techniques are presented that are 
mitigated through the use of a hybrid, sequential, multi-response approach that was 
implemented as presented in chapter 4. 
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2.2 Chemical vapour deposition 
 
 Overview 
 
Chemical vapour deposition (CVD) is an established coating and surface modification 
technique capable of depositing a multitude of different materials on a vast number of 
different substrates. To consider every possible combination or materials, process, 
application, and deposition equipment would take more than this thesis in its entirety. The 
following section will instead, provide an outline of the core principles relating to the CVD 
method. Types of process and equipment are presented, before comparison is made to 
alternate surface engineering techniques. Where possible, comment is made to how these 
principles relate to the Ta CVD process and equipment used in the present study. 
 
 Principles 
 
Chemical vapour deposition (CVD), as defined in the 1960s to distinguish it from 
alternate physical vapour deposition (PVD) techniques (Pierson, 1992), is a process for 
depositing a solid material on a substrate surface through the dissociation or chemical 
reaction of gaseous species in an activated environment (Levy, 2008; Choy, 2003).  
 
𝐺𝑎𝑠𝑒𝑜𝑢𝑠 𝑟𝑒𝑎𝑔𝑒𝑛𝑡𝑠(𝑔) → 𝑆𝑜𝑙𝑖𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡(𝑠) + 𝐺𝑎𝑠𝑒𝑜𝑢𝑠 𝑏𝑦𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠(𝑔)  
 
Such reactions can be homogenous, such that they occur in the gas phase, or 
heterogenous in that they occur on/near the heated substrate (Choy, 2003). They can form 
powder or gaseous by-products or intermediary reagents (homogenous), or the coating itself 
(heterogenous). For dense coatings, the heterogenous reaction is preferred (Choy, 2003), 
although for the Ta CVD process at hand the homogenous gas-phase reactions are beneficial 
for the active lower chlorides during the Ta deposition. They can also, however, be 
detrimental due to the solid lower Ta chloride powders generated, that can be incorporated 
into growing bulk material. 
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 The CVD process can be broken down into the following steps as per Choy (2003), 
Pierson (1992), or numerous other extensive texts relating to the technique. 
 
 
Figure 2-1: Schematic of the steps of the CVD process 
 
1. Transport of precursor and reagent to the bulk gas flow in the CVD reactor 
2. Diffusion of reagents from the bulk gas flow through the boundary later to the 
substrate surface 
3. During diffusion to the substrate homogeneous gas-phase reactions can occur to 
produce intermediary reactants and solid/gaseous by-products 
4. Adsorption of the reactants on the substrate surface 
5. Surface diffusion, nucleation and surface reactions leading to coating growth 
6. Desorption and mass transport of by-products through boundary layer away 
from substrate 
7. Removal of by-products from the coating region in the bulk gas flow 
 
Steps 2 – 5 in the list above are the most important factors that can determine the 
growth rate of CVD coatings. Typically, this rate limiting step is defined as either ‘surface 
reaction limited’ or ‘mass transport/diffusion limited’ (Pierson, 1992). Other rate controlling 
categories include thermodynamic control at extreme process conditions when the 
deposition rate equals the precursor feed rate, nucleation control at low precursor 
supersaturation when crystal growth rate can exceed the nucleation rate, and homogenous 
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reaction control relating to formation of required species in the gas phase (Carlsson & 
Martin, 2010). 
The rate limiting or controlling step in CVD reactions is often identified, or controlled, 
as a function of the deposition temperature that can be presented graphically through 
Arrhenius plots (Mugabi, 2014). A typical plot of growth rate vs. 1/deposition temperature is 
shown as Figure 2-2 below. 
 
 
Figure 2-2: Generic CVD Arrhenius plot showing the surface/kinetic controlled region (a), the mass 
transport/diffusion controlled region (b), and the desorption/depletion region (c) 
 
 Figure 2-2 region (a) shows at lower deposition temperatures the deposition/growth 
exponentially increases following an Arrhenius relationship (Jones & Hitchman, 2009), such 
that the deposition rate  exp(EA/RT) where EA is the apparent activation energy that can be 
calculated from the slop of the graph (-EA/R), R the gas constant, and T the absolute 
deposition temperature (K). In this region, when CVD process temperatures are low, 
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adequate reagents diffuse through the boundary layer, particularly in low pressure systems 
where the boundary layer is thin (Pierson, 1992). This leads to a surplus of reactants at the 
substrate as the lower temperature limits the surface chemical kinetics/reactions. Increasing 
the temperature increases the conversion of the precursor on the surface leading to an 
increase in deposition rate. In this growth region, uniform thicknesses are encouraged 
through minimising temperature variations across the substrate, typical of hot-wall systems 
for silicon wafer production, and most commercial CVD processes (Jones & Hitchman, 2009; 
Choy, 2003). 
 With further increases in deposition temperature (region (b) of Figure 2-2) the 
surface reaction rate continues to increase but the process can become limited by the amount 
of precursor being diffused/transported to the surface through the boundary layer. This is 
truer in atmospheric/higher pressure systems where the boundary layer is thicker (Choy, 
2003; Pierson, 1992). In this region, the deposition rate becomes less temperature dependent 
(Choy, 2003), and the slope can be either positive or negative indicating an exothermic or 
endothermic process respectively Further increases in temperature, region (c) of Figure 2-2, 
can see deposition rates decrease due to desorption of the reagents from the surface and/or 
precursor depletion. Precursor depletion could be due to increased, undesired, 
homogeneous gas-phase reactions.  
As well as the kinetic and mass transport considerations above and their effect on the 
deposition rate, numerous other process parameters can affect the CVD process. Pressure, as 
described above, can affect the rate due to boundary layer thickness but also due to overall 
gas speeds in the system. Lower pressure (LP) systems, whilst typically providing better 
uniformity, step coverage and quality (Pierson, 1992), tend to decrease the deposition rate 
while atmospheric pressure (AP) systems tend to have high deposition rates but produce 
less uniform coatings with lower purity. Sample and reactor geometry, as well as gas flow 
rate, partial pressure and precursor concentration can also determine the deposition rate and 
the quality of the deposited material (Levy, 2008).  
Choy (2003), in his comprehensive review of the CVD process, identifies that 
properties are affected by the microstructure, which is influenced by the nucleation and 
growth of the coating, that is dictated by the deposition process and process parameters 
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used. The interacting nature of the process parameters identified with the properties of the 
coatings, and the kinetic, thermodynamic and mass transport characteristics in outlined in 
Figure 2-3.  
 
Figure 2-3: The relationship between CVD properties, process parameters, and rate-limiting factors (Adapted 
from Choy, 2003) 
 
Some of the many factors that can affect CVD coatings relate to the type of 
process/reaction/equipment being used as follows in the next sections. A more detailed 
consideration of the process and equipment factors that can affect the Ta CVD coatings 
deposited in the present study, and their impact on the coating properties, are included in 
the process evaluation for the statistical design of experiments optimisation in chapters 4, 5, 
and 6. 
 
 Types of CVD processes  
 
CVD processes can be categorised by the equipment used, the precursor material, the 
reaction that occurs, or the energy that is supplied to initiate the reaction. Considering the 
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energy supplied, the Ta CVD process used in the project was based on one of the most 
common processes, thermal CVD. The other processes are plasma-enhanced (PE) and photo-
assisted CVD. Thermal CVD methods can themselves be further broken down based on the 
pressure of the system, with atmospheric-pressure (AP) and low-pressure (LP) being the 
most common. The present study has operated in both pressure regimes.   
 AP and LP thermal CVD form the basis for the Ta coatings process to be used and 
developed over the course of this thesis. As well as PECVD and photo-assisted CVD 
numerous other variants of the process exist. These include processes such as chemical 
vapour infiltration (CVI), metalorganic CVD (MOCVD), or atomic layer deposition (ALD). 
Table 2-1 below provides a summary of the main variants of the CVD process that are 
covered in many in-depth CVD chapters/reviews such as Choy (2003), or Pierson (1992). 
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Table 2-1: Summary of prominent alternative CVD methods (Adapted from Choy (2003) & Carlsson & Martin (2010)) 
Type Features Advantages & disadvantages 
Atmospheric-pressure CVD 
(APCVD) 
Atmospheric pressure Less-complex equipment 
Low-pressure CVD (LPCVD) Low-pressure  Increased purity and better coverage over APCVD 
but can reduce deposition rates 
Plasma enhanced CVD (PECVD) Plasma enabled activation and/or increased reaction 
through direct/remote methods such as rf diode, 
microwave or inductively coupled plasma 
Reduced deposition temperatures and reasonable 
deposition rate but needs low-pressure and more 
complex systems that can be more expensive than 
APCVD and lower coating purity. 
Photo-assisted CVD (PACVD) Adsorption of light increases substrate temperature 
under LP or AP 
Selected deposition, low deposition temperature, 
greater property control and less unwanted 
reactions 
Aerosol assisted CVD (AACVD) Precursor transport via liquid/gas aerosol Fast evaporation and delivery, higher deposition 
rates 
Direct liquid injection CVD 
(DLICVD) 
Liquid precursors that are injected into a vaporisation 
chamber then used in a conventional thermal process 
Fast evaporation and delivery, higher deposition 
rates 
Atomic layer deposition 
(ALD)/Atomic layer Epitaxy 
(ALE) 
Deposition of successive monatomic layers of 
different materials, LP/AP 
Accurately controlled coating thickness and good 
conformal coverage 
Metalorganic CVD (MOCVD) Uses metalorganic precursors such as β-diketonates, 
e.g. Ir(acac) under LP/AP 
Lower deposition temperatures but more expensive 
precursors that are highly reactive and require 
precise pressure and temperature control 
Chemical vapour infiltration 
(CVI) 
Gaseous precursors diffuse through and infiltrate 
porous structures where they decompose to typically 
form the matrix in fibre preforms 
Densification of porous materials and manufacture 
of CMCs 
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CVD processes can also be defined by the precursor and chemical reactions that occur. 
The CVD reaction processes can generally be categorised as thermal 
decomposition/pyrolysis, reduction, hydrolysis, nitriding, exchange reactions, coupled 
reactions, and many others (Carlsson & Martin,2010). The present study for the Ta 
deposition uses the reduction of Ta-chloride with hydrogen. Typically, reduction reactions 
involving a halide precursor are often used for the CVD of elements such as Ta, W and Ir 
(Carlsson, 2010), as well as ceramic material such as oxides, borides and nitrides. The reader 
is directed to Jones & Hitchman (Table 1.3, p.23, 2009) that provides a comprehensive list of 
typical CVD precursors used for specific materials and applications.  
Whatever the CVD method selected, it should not affect the properties of the substrate 
being coated, should be capable of coating the desired material at the required thickness, 
offer uniform coverage over the geometry of the substrate, and be ‘cost-effective’ (Choy, 
2003).  Cost-effectiveness incorporates all aspects of the technology, from the machine being 
used to the precursor material. The Ta CVD process in this study uses scrap and recycled 
material, built a large-scale CVD deposition system with minimal cost and reusing pilot-
plant systems, and has optimised process times to reduce energy, material and labour 
requirements to make it ‘cost-effective’. Choy (2003), also remarks that the use of the 
appropriate CVD process for a specific application, such as corrosion resistant α-Ta coatings, 
should improve the quality of the end product. The combination of the CVD process and 
equipment used in the present study, demonstrate improved quality and performance in 
later chapters of this thesis. 
 
 CVD deposition equipment 
 
A CVD system, at its core, is a platform for the heating of a substrate over which 
reaction gases are passed to form a solid coating, and by-products that are removed from the 
system. The form this takes can vary dramatically depending on the type of process being 
conducted, such as those detailed above, but brief comment will be made as to some of the 
variation within each of these three areas of the system. The type of system to be used, as 
well as being dependant on the process, precursors and reagents to be used, is also 
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determined by the standard of purity required, the size, shape and number of substrates, 
and cost factors.  
Generally, ‘Closed’ CVD systems recycle reactants and by-products and are less 
common today (Choy, 2003).  CVD systems are most frequently ‘open’ systems that remove 
the by-products for subsequent cleaning/neutralisation and only attempt to recover the 
reactant materials if it is economical to do so. Both the pilot-plant Ta CVD system, and the 
new one built as part of this project are open systems. It has been considered that the solid 
Ta-chloride waste that is collected after deposition could be reused/recycled through 
chlorination to form a solid TaCl5 precursor for subsequent sublimation and use in Ta CVD 
processes. This would also improve the efficiency and economics of the process.   
Considering first the precursor handling and delivery system, gas cylinder handling 
and delivery systems are well known and require little comment except to mention the 
susceptibility of mass flow controllers to degradation in service leading to discrepancies in 
gas flows from given process values. Precursor supply is highly sensitive to what form the 
precursor is in. Gases can be fed in a similar way, although often with a carrier or diluent 
added flow. Liquid or solid precursors must first be vaporised prior to being fed into the 
reactor, generally through a bubbler, evaporator or sublimator that may feature a carrier gas 
flow through it to collect the generated reactant vapour. Flash evaporation can also be used 
and features in direct liquid injection as outlined in Table 2-1. 
A CVD reactor is primarily a mechanism to heat the substrate. Both deposition 
systems used were also ‘hot-wall’ systems that involve a metallic retort that is resistively 
heated, typically in a furnace, into which the substrates are placed and undergo indirect 
heating. Alternatively, ‘cold-wall’ systems feature direct inductance or resistance heating of 
the substrate, and typical chamber materials include quartz. Hot-wall systems offer greater 
temperature control but suffer from undesired deposition on the chamber walls and reactor 
furniture that can lead to loss of efficiency and depletion of the precursor through the 
chamber length. Cold-wall systems do not suffer from undesirable deposits such as this but 
can be prone to complex thermal gradients and non-uniform coatings (Choy, 2003).  
CVD reactors can take a great number of geometries and loading conditions such as 
vertical, horizontal, rotating, tubular, barrel, bottom, or top loading. Both systems used in 
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the present study were vertical, top-loading systems with a top-fed gas inlet system. The gas 
flows, as noted by Carlsson & Martin (2010), are a dominant factor in the quality of coatings 
being deposited. The geometric consideration of the reaction chamber, and how it is heated, 
can also impact the heat distribution of the system and temperature control mechanisms 
such as internal heat shields. 
Finally, the effluent gas handling system removes and treats the reaction by-products 
in a safe manner. Cold-traps can be used to trap condensed solid waste products for 
potential reuse or trap those that can cause corrosion/harm to components further down-
stream such as vacuum pumps if the system is being run under reduced pressure. Such 
systems are typically less complex that those for PVD processes (Choy, 2003). Vacuum 
pumps such as liquid ring and hydrokinetic drive rotary pumps remove the waste gases, Ar 
carrier gas and HCl, in this case that are fed into a scrubbing system and neutralised in an 
alkaline environment.  
Typical CVD systems are designed empirically (Choy, 2003), or based on a family of 
historical designs. Each CVD system has particular characteristics that depend on the 
temperature and gas flow behaviour that can vary depending on the substrate being coated. 
Choy (2003) notes that fluid flow and temperature modelling are becoming more widely 
used to help determine the CVD system specifics. Section 3.3 demonstrates how such 
methods can be used in the design and understanding of the CVD reactor. The CVD system, 
having been designed, should then be operated using the ‘optimal’ process conditions 
(Choy, 2003) that are developed in chapter 4. The equipment and process combine to 
determine the coatings quality and structure that in turn controls the properties described in 
chapters 4, 5 and 6.   
 
 CVD coating structure 
 
The concept of structure zones for coating/film growth began with Movchan and 
Demchishin (1969) to classify the growth of evaporated films though optical microscopy 
studies as a function of the increasing substrate temperature. Movchan and Demchishin 
(1969), identified three distinct regions of temperature dependent structure, although John 
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Thornton (Thornton, 1977) later added and additional ‘T’ transitional zone as a response to 
varying gas pressure (Perry, Béguin & Hinterman, 1980).  The structure zone model for CVD 
coatings was adapted by Pierson (1992), with three zones see Figure 2-4 below. CVD 
coatings generally fall into one of the following three types, or a mixture of them, such as a 
difference between the bulk and outer coating structure as seen in Ta CVD coatings by 
Perry, Béguin & Hinterman (1980). 
 
 
Figure 2-4: CVD coating structure zone model (After Pierson, 1992) 
 
Zone 1 in Figure 2-4 represents columnar growth with domed tops leading to a 
‘bumpy’ surface morphology and increased surface roughness. Zone 1 in CVD coatings is 
more similar to zone 2 in the Movchan & Demchishin (1969) model that has zone 1 featuring 
larger, more cauliflower-like structures that can lead to porosity in the coatings. As 
temperatures increase, zone 2 CVD structures are formed with faceted columnar grains (see 
Figure 2-4) and with further increasing temperature form an equiaxed grain structure 
(Pierson, 1992). Perry, Béguin & Hinterman (1980) demonstrated that Ta CVD coatings 
deposited using the process established in section 2.4 followed this structure growth model 
including the Thornton (1977) transition zone, despite it being initially devised for sputtered 
film (Perry, Béguin & Hinterman, 1980). They also identify that for Ta CVD coatings, the 
‘cauliflower-like’ structure is formed initially but increasing surface diffusion with 
increasing temperature generates a dense columnar structure with a smooth surface (Perry, 
Béguin & Hinterman, 1980). This preferred structure is only attainable in a small region of 
process temperatures and TaCl5 precursor flow. Increasing the TaCl5 precursor gas flow 
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tended to produce more open, ‘cauliflower-like’ structure (Perry, Béguin & Hinterman, 
1980). Running the Ta CVD process under low pressure as opposed to atmospheric pressure 
can reduce the structure transition temperatures, increasing density and reducing surface 
roughness (Perry, Béguin & Hinterman, 1980). Pierson (1992) notes that reduced pressures 
also thin the boundary layer, leading to a surface reaction controlled region that tends 
towards fine-grained structures.   
CVD coatings with a ‘cauliflower-like’ structure can have porosity that would not be 
suited to the intended application of the coatings under development. Corrosion resistant 
coatings require a fully dense structure to prevent ingress of the corrosive media to the 
vulnerable substrate material. Structure effects such as the surface morphology and 
roughness also have implications in CVD coatings for tribological applications, and for 
adhesion and mechanical interlocking as part of multi-layer structures.  
Blocher (1974) and Choy (2003) note that the final structure of deposited CVD 
materials, as well as being a function of the temperature and nucleation and 
recrystallisation, is dependent on the adsorption of impurities or inclusion of homogenous 
gas phase nucleated materials that are subsequently incorporated into the growing coating. 
These homogenous gas -phase reactions for the Ta CVD as well as the potential effect of 
inclusions on the phase content and adhesion of the coatings are considered in subsequent 
sections. 
 
 Advantages and disadvantages 
 
The disadvantages of using a CVD process include the sometimes sophisticated 
technology/equipment required, although this is less of a problem for common thermal 
APCVD systems such as the pilot plant used in this project. Under lower-pressure systems, 
such as that built and described in chapter 3, more complex vacuum and exhaust systems 
are required and can add to the process cost and potential maintenance issues and 
subsequent system downtime. Costs are also increased for alternate techniques such as 
PECVD that require more complex reactor systems. 
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The thermal CVD systems do require comparatively high temperatures to alternate 
techniques, although processes such PECVD and MOCVD can lower processing 
temperatures significantly. The process types, in terms of the chemicals being used and the 
by-products they create, can also lead to more stringent health and safety concerns and 
requirements than for alternate techniques. As shown in section 2.4, the Ta CVD process 
uses chlorine (Cl2) gas as a reagent and generates hydrochloric acid (HCl) vapour and lower 
Ta-chlorides as gas or solid waste that require removal and neutralisation. Undesired 
homogeneous nucleation and incorporation is also one of the factors that can affect the 
coating quality, with additional potential issues such as hydrogen embrittlement also 
requiring consideration.   
Despite the drawbacks listed above and the kinetic and chemical complexities the 
benefits of the CVD process greatly outweigh the disadvantages. CVD coatings and the 
process used to deposit them (adapted from Choy, 2003, Pierson, 1992): 
 
 Can produce fully dense materials 
 Can produce ‘pure’ materials, >99.99% theoretical density 
 Can produce uniform thin films, thick films, or bulk coatings at reproducible and 
high deposition rates >tens of µm/hr, that can be adjusted and controlled  
 Provide films/coatings with good adhesion 
 Parameters can be controlled in order to tailor the structure and properties of the 
CVD products 
 Does not rely on line-of-fight deposition so can coat complex geometries and internal 
bores and samples features 
 Produces conformal coatings with improved step-coverage 
 Can deposit materials that are hard to evaporate, and refractory metals such as Ta, at 
temperatures much lower than their melting points  
 Wide range of precursor materials available that can deposit a vast array of different 
materials 
 Have a reasonable cost, particularly for less complex systems 
 Enable large-scale batch processing and/or coating of varying size components 
 Are capable of producing powders, fibres, nanotubes 
 
The benefits of the CVD process, including those listed above are typically compared to 
those of physical vapour deposition (PVD). Comparatively, the drawbacks of the PVD 
process are that it is a line-of-sight process that cannot coat complex geometries, is limited in 
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deposition area, has difficulty in producing stoichiometric coatings, and is relatively 
expensive (Choy, 2003). These issues are typically not encountered in thermal, and alternate 
processes outlined in Table 2-1. For this reason, and the benefits listed here, CVD processes 
are used for a wide range of applications across a multitude of industries, some of which are 
presented in the next section. 
 
 Applications 
 
Section 2.2.3 referred the reader to a table in Jones & Hitchman (p.23, 2009) that groups 
a comprehensive list of materials that can be deposited by CVD methods and lists their 
applications and the precursors used to deposit them. Carlsson & Martin (2010) provide a 
more concise list of selected applications including: 
 
 Microelectronics – e.g. Ta diffusion barriers 
 Semiconductor layers – e.g. GaAs  
 Decorative coatings – e.g. TiN 
 Structural/shaped components – pyrolytic boron nitride crucibles, pyrolytic graphite 
 Solar energy – e.g. ZrB2 concentrating solar power receivers 
 Carbon nanotubes 
 Coatings for tribological applications – e.g. TiC, TiN 
 Temperature resistant coatings – e.g. Al203, SiC 
 Coatings for nuclear applications – e.g. ZrC 
 
One category of applications not listed above, is that of corrosion resistant coatings 
that form the basis of the application of Ta CVD coatings considered in the remainder of this 
thesis. 
 
 Summary 
 
Chemical vapour deposition is a complex chemical process. Despite the complexities 
however, it is a tool capable of depositing a wide range of materials through number of 
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techniques. Deposited coatings are controllable, uniform, high-purity, near full-density, and 
offer increased step-coverage and excellent conformal coverage compared to alternative 
PVD techniques. Continued developments to reduce costs and increase process 
understanding can only increase the standing of the technique in modern manufacturing 
processes. Increasing industrials needs in terms of the properties, performance and cost-
effectiveness or materials and components require improved material solutions. One such 
solution for corrosion resistant coatings, tantalum and tantalum CVD coatings are presented 
is the next section. 
 
2.3 Tantalum 
 
 Overview 
 
To begin, a brief history of Tantalum (Ta) is provided. This is followed by presentation 
of the different known phases, alpha (α) Ta and beta (β) Ta, and selected structural and 
physical properties with that of Ta bulk material. Trends in the literature that relate to the 
study of coating phase are considered. Thought is then given to the numerous applications 
and industries to which Ta in both the bulk metal or as a bulk coating are employed and 
could be utilised in. Particular applications require varying phase composition of the 
material in order to provide the relative properties and performance, such as that of 
corrosion resistant coatings in the present study, are described below. 
 
 History, phases and properties 
 
Tantalum (tæntələm), comes from the Ancient Greek ‘τάνταλος’, so named by Anders 
Ekeberg on its discovery in 1802 due to its ”…incapacity when immersed in acid to absorb 
any acid and be saturated.” (Ekeberg, 1802 in Greenwood & Earnshaw, 1997). This property 
of the discovered mineral conjured with it imagery of the Greek mythology of Tantalus, son 
of Zeus, king of Phyrgia. Tantalus, honoured by the gods, repaid their extraordinary favour 
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and hospitality by stealing ambrosia and nectar from Mount Olympus, stealing Zeus’ dog, 
and revealing the gods’ divine secrets to man. These offences, however, were minor 
compared to what was to come. Upon hosting a feast for the gods, Tantalus killed his son 
Pelops and served him to the gods in the form of a stew. All but one of the gods, Demeter 
who was in the throes of mourning for Persephone, and ate a small part of Pelops shoulder, 
noticed the horrific trick. Outraged, Pelops was brought back to life by one of the Fates and 
the missing piece of shoulder was replaced by an ivory implant, an early correlation 
between tantalum, and its numerous biomedical applications.  
Tantalus, for his horrific deeds, was killed by Zeus himself and condemned to eternal 
damnation and torment in Tartarus, a place below the boughs of Hades. Here, tied to a fruit 
tree in a pool of water, Tantalus would be tormented by infinite hunger and thirst. The fruit 
of the tree, whenever he tried to reach it, would be just out of his grasp. The water, that 
could be up to his neck or waist, would recede if ever he bent down to drink it. Tantalus, 
much like Tantalum, had the ‘incapacity to be saturated’ (Ekeberg, 1802 in Greenwood & 
Earnshaw, 1997). 
Tantalum (Ta) with an atomic number of 73, occupies a position on the periodic table 
within the group of refractory metals. These are a group of elements including tungsten (W), 
molybdenum (Mo), niobium (Nb), rhenium (Re), and Ta. These metals demonstrate some of 
the highest melting points of any material (>2000°C), high hardness, high density, high 
strength, and excellent resistance to wear and corrosive environments.  
Considering only some of these properties makes refractory metals highly attractive 
for numerous applications. Ta has a melting point of 3017°C, with density and hardness 
values as presented in Table 2-2 below.  
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Table 2-2: Selected properties of bulk tantalum, α-Ta, and β-Ta materials  
Property Bulk-Ta α-phase Ta β-phase Ta 
Structure BCC BCC Tetragonal 
Coefficient of thermal 
expansion (µm/mK @ 
20°C) 
6.5   
Electrical resistivity 
(μΩcm) 
13 13-60 170-210 
Density (g/cm3) 16.6 16.27-16.65 16.9 
Hardness (HK) 200 200-400 1000-1300 
 
 Looking at the values for bulk-Ta in Table 2-2, the density of Ta is 16.6 g/cm3. 
Compared to alternate materials used extensively in the chemical processing industry such 
as PTFE with a density of 2.2 g/cm2, this suggests that solid Ta components, typically 0.75 
mm plate (Cardarelli, Taxil & Savall, 1996), can be considerably heavier than their polymer 
counterparts. This, along with the relative cost, shifts the potential use of the material to that 
of liners and coatings to minimise expense and mass.  
One of the dominant issues relating to Ta coatings is their dual-phase nature (Colin et 
al., 2017; Shiri et al., 2017; Hee et al., 2016; Lee et al., 2010; Lee et al., 2004). Table.1 also lists 
equivalent properties for these the α and β Ta phases. Originally thought to be a 
phenomenon confined to sputtered PVD films (Baker, 1972), Ta coatings deposited by CVD 
methods were soon also shown to demonstrate a noticeable phase duality (Hieber, 1974) and 
the dual-phase nature of Ta CVD coatings is now equally well documented (Li et al., 2018; 
Wang et al., 2018; Shi et al., 2017; Levy, 2008; Levesque & Bouteville (2004). 
The α-Ta phase is the equilibrium phase at room temperature in bulk Ta metal with an 
equivalent body centred cubic (BCC) structure (see Figure 2-5) with the lattice constant 
a=b=c=3.2960 (ICDD, 2018). The α-Ta phase is also comparable to bulk Ta in similar 
magnitudes of hardness and resistivity (see Table 2-2), and is ductile, making it suitable for 
operational conditions that may induce loading and deformation to the material.  
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Figure 2-5: α-Ta BCC structure (left), β-Ta structure (Arakcheeva, Chapius & Grinevitch. 2003, or Jiang right) 
 
The β-Ta phase, not seen on the Ta phase diagram (Colin et al., 2017), was first 
discovered by Read and Altman in 1965 (Read & Altman, 1965) during a period of interest in 
Ta thin films for capacitors (Mills, Young & Zobel, 1966). It was originally thought to have a 
P42/mnm 16-atom unit cell structure analogous to β-Uranium. Recent studies, have reported 
that it is in fact a P4̅21m structure with a 30-atom unit cell (see Figure 2-5) and a theoretical 
density of between ≈ 16.3 - 16.9 g/cm3 (see Table 2-2) (Jiang et al., 2005; Arakcheeva, Chapius 
& Grinevitch, 2002; Read & Altman, 1965).  β-Ta is brittle compared to the ductile α-Ta 
phase, with a hardness of 900-1300 HK, and a magnitude higher electrical resistivity of ≈ 
170- 210 μΩ.cm (Colin et al., 2017). β-Ta is metastable and has been shown to irreversibly 
transform to the α-Ta phase (Colin et al., 2017; Myers et al., 2013; Navid & Hodge, 2012; 
Clevenger et al., 1992; Mosely & Seabrook, 1973), through a post-deposition heat treatment. 
Identified transition temperatures however vary dramatically from 300-1000°C in the 
literature, with oxygen content identified as a potential retardation factor in transition 
temperature (Javed, Durrani & Zhu, 2016; Myers et al., 2013; Knepper, Stevens & Baker, 
2006; Hieber, 1973). One study into thin (400 nm) sputter coatings was also able to identify 
the phase transition through the exothermic peak detected during differential scanning 
calorimetry analysis (see section 3.5.8) (Knepper, 2007). 
Typical analytical methods to distinguish the phases present in deposited coatings 
include X-ray diffraction. The α and β phases produce notably different diffraction patterns, 
as shown in Figure 2-6 for the 30 - 80° 2θ range. Additional refinement of the β-Ta structure 
by Jiang et al. (2005), and Arakcheeva, Chapius & Grinevitch (2002), compared to the 
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standard β-Ta reference in Figure 2-6 identified an additional β (003) peak at 51.4° 2θ not 
included in the earlier reference patterns. 
 
 
 
Figure 2-6: JCPDS reference pattern peaks for β-Ta (blue) and α-Ta (red) Ta in the 30 - 80° 2θ range. 
 
The differing phases in sputtered Ta coatings have been distinguished through optical 
microscopy after etching using HF-based solution (Myers et al., 2013; Matson et al., 2000).  
The β-Ta phase tends to show a preference for nucleation and retention at the coating-
substrate interface (Myers et al., 2013; Lee et al., 2005; Matson et al., 2000) as shown in Figure 
2-7 below. 
 
2θ 
27 
 
Figure 2-7: Sputtered Ta coatings of increasing thickness (a-d) cross-section micrographs with visible α-Ta 
(dark) and β-Ta (light) regions (Myers et al., 2013) 
 
The interfacial preference for the β-Ta phase with needle-like structures growing up 
into the coating bulk in etched optical micrographs dominates sputtered coating 
characteristics (Gladzuk et al, 2004; Myers et al., 2013).  
In the 50 years since it was discovered, the mechanisms for the formation and 
transformation of the metastable β-Ta phase have been investigated, but remain widely 
contested (Guo et al., 2018; Javed, Durrani & Zhu, 2016; Liu et al., 2016; Myers et al., 2013). 
Literature is dominated by β-Ta formation, properties, and its relationship to process 
parameters for sputtered films (Colin et al, 2017; Ellis et al., 2016; Ferreira et al., 2016; Myers 
et al., 2013; Hallman & Ulmer, 2013; Alami et al., 2007; Navid & Hodge, 2012). The following 
three components, either singularly or in compounding ways, are the recurring factors that 
can potentially dictate the phase properties of deposited Ta coatings. 
  
 deposition temperature (Bernouilli et al, 2013; Shiri et al., 2017)  
 coating thickness (Cristea & Crisan, 2014; Myers et al., 2013) 
 impurities (Schauer & Peters, 1975; Catainia, Roy & Cuomo, 1993) 
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Even with these potential controlling factors identified, the lack of a unifying theory 
has led to alternate methods for phase control such as seed layers to promote α-Ta 
nucleation and growth (Gladzuk et al, 2005). Lattice matched interlayers such as niobium 
(Nb), gold (Au) and particularly tantalum nitride (TaNx), have also been demonstrated to 
promote α-Ta formation in CVD coating processes (Ghorbani et al. 2018; Levy 2008; Suh et 
al., 2010). Interlayers can also be used to inhibit carbon diffusion from steel substrates into 
the Ta coating bulk (Glaski, 1973). 
Very few studies have systematically examined the relationship between process 
parameters and coating properties such as phase content. Suh et al. (2010), conducted a one-
factor-at-a-time study that showed β dominant Ta CVD coatings on steel substrates (Suh et 
al., 2010). Whitman (2000) is the only example of a more complex statistical study into the 
deposition parameters and properties of sputtered Ta coatings using an I-optimal design 
based on second-order regression equations. This theoretical framework based on the 
empirical results and development of predictive models is, at its core, similar to the design 
of experiments approach adopted in this study and described later in this chapter.  
Both α and β Ta phases demonstrate equivalent corrosion resistance, although the β-
Ta phase is more susceptible to mechanical failure and subsequent corrosion due to its 
comparatively hard and brittle nature (Maeng et al., 2006). The immunity of tantalum comes 
from its ability to form a passive oxide, Ta2O5, that places it above gold, and only below 
rhodium and niobium in practical nobility (Maeng et al., 2006). Practical nobility increases 
when the immunity and passivity of species extends beyond the stability domain of water 
(between dashed lines a and b) on the Pourbaix diagram. The Ta Pourbaix diagram in Figure 
2-8 below demonstrates the immunity and passivity of Ta over the entire potential-pH range 
at 25°C.  
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Figure 2-8: Tantalum Pourbaix diagram (McCafferty, 2010) 
 
Tantalum offers some of the best corrosion resistance to most corrosive media in 
temperatures up to 150⁰C. Betrabet et al. (1984) identify that it is however subject to 
corrosion where tantalate (TaO3-) can be formed. One particular medium is that of 
hydrochloric acid (HCl), which is common in chemical processing and the comparative 
resistance of Ta against other prevalent materials are shown below in Figure 2-9. 
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Figure 2-9: Corrosion resistance of selected materials in varying concentration HCl at varying temperatures 
(Extreme Bolt & Fastener, 2016) 
  
The corrosion rate indicated above is for a value of < 0.13 mm/year, equivalent to 5 
MPY. This is a design for life factor of component parts operating in such corrosive 
environments as dimensions need to be kept within operating tolerances. From Figure 2-9 
above it can be seen that tantalum components would corrode at rates less than this value, if 
at all, for all concentrations of HCl below temperatures of 150⁰C. Tantalum also offers the 
best performance of the materials featured above for use in concentrated sulphuric acids. 
Tantalum, however, is susceptible to hydrofluoric acid and other fluoride containing 
solutions, sulphur trioxide, concentrated alkali hydroxides and fused carbonates that inhibit 
oxide formation or damage the protective layer (Cardarelli, Taxil & Savall, 1996).  
 
 Applications 
 
Of all the Ta produced, approximately 4% is used in the chemical processing industry 
where it is the material of choice for components such as heat exchangers, pump impellers, 
and reaction vessels where corrosion resistance is imperative (Bermudez et al. 2005; Robin & 
Rosa, 1997). Almost half of what is produced is in the form of powder and wire for 
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capacitors, and it is widely used as an alloying element for nickel-based superalloys in the 
production of turbine blades.  
The unique properties of both Ta phases in Table 2-2, see their preferred employment 
in a wide range of varying applications. β-Ta, primarily due to its high resistivity, has 
benefits for use as resistors and capacitors (Colin et al., 2017; Javed & Sun, 2010; Navid & 
Hodge, 2012; Baker, 1972). Recently, it has also been investigated for additional uses in 
biological applications and magnetoresistive-RAM (Magginetti, Tian & Tiwari, 2017; Liu et 
al., 2016). The ductile α-Ta phase has seen extensive investigation recently for orthopaedic 
and orthodontic implants, stents, and pacemakers due to its excellent in vitro and in vivo 
compatibility (Hee et al., 2018; Hee et al., 2017; Hertl et al., 2014). 
α-Ta is used extensively as a diffusion barrier in microelectronics (Kalyeros et al., 2000; 
Lee et al., 1999) where Cu diffusion into Si can damage performance, and for corrosion 
protection due to the highly resistant passive Ta2O5 oxide layer where Ta coatings offer cost 
savings over solid metal components (Cardarelli, Taxil & Savall, 1996; Béguin, Hovarth & 
Perry, 1977). 
The replacement of hard chrome plate with α-Ta coatings have been widely 
investigated, particularly for gun barrel coatings (Niu et al., 2017; Lee et al., 2010; Matson et 
al., 2000). Due to its increased ductility α-Ta coatings are less susceptible to the cracking 
observed in electroplated Cr coatings (Lee et al., 2010; Matson et al, 2000), and are more 
environmentally friendly and less toxic (Levesque & Bouteville, 2004). Hexavalent 
chromium (Cr (VI)) is a carcinogenic compound that has recently come under stricter 
regulatory control through EU REACH and US legislation. Industries, such as aerospace and 
space, are investigating potential replacement technologies as this material is phased out of 
use (Pereira, Pimenta & Dunn, 2008). 
Ta CVD coatings can offer improved step coverage and conformity over sample 
surfaces for microelectronic applications over alternate deposition techniques such 
sputtering and evaporation (Kalyeros et al., 2000; Chen et al., 1999). They have also been 
proposed to solve cytotoxicity, corrosion and wear issues associated with 316 stainless steel 
implants, and provided improved coverage, adhesion, and infiltration of complex 
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geometries such as porous Ti6Al4V, C and SiC over comparative PVD coatings for improved 
bone graft substitutes (Ghorbani et al., 2018; Wang et al., 2018; Li et al., 2018; Shi et al., 2017). 
 
 Summary 
 
Tantalum, and its known phases, have unique properties that make it an ideal material 
solution across a wide range of industries and applications. The benefits of the CVD method, 
and the excellent corrosion resistant in chloride-containing environments described above 
are the key to solving the core corrosion problem at hand.  
The next section provides a review of the tantalum CVD process to be employed to 
deposit ductile α-Ta coatings on various carbon steels as used in the chemical processing 
industry. The current comparative state of the art is presented and the historical issues to be 
resolved over the subsequent chapters of this thesis outlined. 
 
2.4 Tantalum chemical vapour deposition 
 
 Overview 
 
The process of tantalum deposition by hydrogen reduction of the pentachloride can be 
found as far back as 1907 (Pirani, 1907) long before the term ‘chemical vapour deposition’ 
was coined in 1960 (Pierson, 1992). It is a long-established process, widely known, and has 
been extensively studied over many decades (Ghorbani et al., 2018; Levesque & Bouteville, 
2004; Chen et al., 1999; Perry, Béguin & Hinterman, 1980; Glaski, 1973; Powell, Cambell & 
Gonser, 1948).  Despite all this previous work, issues surrounding the phase duality 
mentioned above, and attainable quality on various substrates, remain. These issues are 
highlighted in review of the prior art below leading to the current state of the art Ta coatings 
commercially available. Consideration is also given to the wide range of methods and 
processes of the deposition used and their potential applications.  
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 Process 
 
The CVD process to be used in the project was based upon the historically well 
documented hydrogen reduction of the tantalum pentachloride (TaCL5) as described in 
Error! Reference source not found. below (Levesque & Bouteville, 2004; Powell, Cambell & G
onser, 1948). The Ta-chloride is used as it offers a cheaper alternative for in-situ generation 
to bromide precursors, with median vapour pressure and ease of use compared to bromide 
and fluoride precursors (Suh et al., 2010; Levy, 2008). Alternate CVD processes have also 
recently looked at alternatives to hydrogen as Ta-halide reducing agents such as cadmium 
and zinc (Goncharov et al., 2015; Goncharov et al., 2017), to prevent issues identified with 
hydrogen incorporation into the deposited coatings. The process can be performed under 
both atmospheric (Yu et al., 2015; Li et al., 2013), and low-pressure (Levesque & Bouteville, 
2004; Garret et al., 2006), with Stolz & Hieber (1983), suggesting that process pressures of 10-
150 mbar produce fully dense and cohesive coatings for corrosion resistance. Mugabi (2014), 
in their kinetics study of the Ta CVD process, demonstrated increasing deposition rates 
could be achieved with increasing pressure from 25-300 mbar, attributed to increasing 
precursor partial pressure and increased precursor residence time in the deposition 
chamber. Further increases in pressure towards atmospheric values showed no additional 
improvement in the deposition rates/Ta yield obtained (Mugabi, 2014). 
 
2𝑇𝑎𝐶𝑙5(𝑔) + 5𝐻2(𝑔) → 2𝑇𝑎(𝑆) + 10𝐻𝐶𝑙(𝑔) 
 
The hydrogen reduction reaction above begins at a slow rate at 600°C to form both Ta 
and lower oxidation state Ta chlorides with minimal, if any Ta deposition, lower than 700°C. 
The reaction rate rapidly increases with increasing temperatures up to approximately 850°C 
(Mugabi, 2014), but after this point can drop off at temperatures over 900°C.  There are 
examples of studies above this temperature such as at 950°C (Brossa, 1989; Perry, Béguin & 
Hinterman., 1980), up to 980-1040°C (Glaski, 1973), with viable deposition rates achieved.  
In reality, the actual reactions are not as simple as the generalised form above. Eriksen 
(1999 in Mugabi, 2014), notes the temperature dependent behaviour of the chloride 
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precursor in a low-pressure hydrogen reaction chamber. TaCl5, TaCl4, TaCl3, and TaCl5 are all 
thermodynamically stable in typical deposition temperatures of 525-825°C. Ta chlorides are 
subject to homogeneous gas phase reductions (see below) to the lower oxidation state 
chlorides, that suggests that at higher temperatures TaCl5 is not the active species during 
deposition. This leads to heterogenous surface reactions involve various Ta chlorides 
leading to solid Ta deposition (see below). 
 
𝑇𝑎𝐶𝑙5(𝑔) +
1
2
𝐻2(𝑔) → 𝑇𝑎𝐶𝑙4(𝑔) + 𝐻𝐶𝑙(𝑔) 
𝑇𝑎𝐶𝑙4(𝑔) +
1
2
𝐻2(𝑔) → 𝑇𝑎𝐶𝑙3(𝑔) + 𝐻𝐶𝑙(𝑔) 
𝑇𝑎𝐶𝑙3(𝑔) +
1
2
𝐻2(𝑔) → 𝑇𝑎𝐶𝑙2(𝑔) + 𝐻𝐶𝑙(𝑔) 
(Sequential hydrogen reduction of tantalum chlorides) 
 
𝑇𝑎𝐶𝑙4(𝑔) + 2𝐻2(𝑔) → 𝑇𝑎(𝑆) + 4𝐻𝐶𝑙(𝑔) 
𝑇𝑎𝐶𝑙3(𝑔) +
3
2
𝐻2(𝑔) → 𝑇𝑎(𝑆) + 3𝐻𝐶𝑙(𝑔) 
(Tantalum hydrogen reduction reactions responsible for tantalum coating growth) 
 
TaCl2 and TaCl5 were shown by Mugabi (2014) as non-surface-active species during Ta 
deposition, with TaCl2 has been shown to inhibit the deposition rate through the production 
of chloride powder residuals (Mugabi, 2014). Hydrogen flow into the system is therefore 
suggested to not be overly increased leading to dilution of the gas mixture and generation of 
the undesired TaCl2 (Mugabi, 2014). The hydrogen reagent flow into the should also be kept 
concentric to the TaClx vapour in the inlet to the reaction chamber such that mixing does not 
occur prematurely to minimise homogenous gas phase reactions. These undesired reactions 
produce solid Ta and Ta chloride powders that are removed from the reaction zone in the 
gas stream and not incorporated into the coating. This would lead to high levels of wastage 
of a limited resource material and poor process efficiency. Homogenous gas phase 
precipitation of solid chlorides can also lead to reduced uniformity, mechanical performance 
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and adhesion if the particulates fall onto the substrates and are incorporated into the 
growing coating (Pierson, 1992).   
The formation and reduction of TaCl3 has been identified as being the dominant 
chloride for Ta deposition (Mugabi, 2014), particularly in the process temperature range 
used in the current study. Mugabi (2014) therefore suggests an overall reaction mechanism 
for the solid Tap deposition as shown below. 
 
 
(Ta CVD consecutive reaction mechanisms (adapted from Mugabi et al., 2016)) 
 
Based upon the general Ta CVD reaction equation presented, and considering the 
generation of tantalum chloride, various process parameters can be identified. These can be 
divided into temperatures, chlorination chamber, heated gas lines to prevent condensation 
and the deposition chamber; and gas flows: chlorine, hydrogen and a carrier gas. Baseline 
values for these process variables were established based on this prior art, and their 
variation and impact on coating properties if presented in chapter 4. 
Powell, Cambell & Gonser (1948), in their review of the early works of Pirani (1907), 
states that hydrogen free deposits could be achieved at deposition temperatures of 1200-
1400°C, whilst depositions below this temperature suffered from embrittlement and 
required subsequent annealing processes (Powell, Cambell & Gonser et al., 1948). These 
authors also observed that at very high temperatures powdery deposits are formed that are 
the lower Ta chlorides (predominantly TaCl2) resulting from the unfavourable homogenous 
gas phase reactions outlined above. The majority of early work also used in-situ generation 
36 
of the chloride precursor by flowing chlorine gas over tantalum metal at temperatures of 
200-550°C as is used in the current study. 
This effect of ‘embrittlement’ is prevalent in the literature and can be associated to 
hydrogen incorporation into the deposited coatings (Goncharov et al., 2015; Pokorny et al., 
2012; Trkula, 1996). Tantalum demonstrates an inherent tendency for hydrogen 
embrittlement (Mugabi, 2014), and hydrogen is easily absorbed at high temperatures (Stroe, 
2006), such as those used during the CVD deposition process. Residual hydrogen can be 
either dissolved in interstitial solid solution or present as an interstitial compound (Stroe, 
2006). Subsequent post-deposition vacuum annealing can alleviate the hydrogen 
embrittlement (Suh et al., 2010).  
As well as the hydrogen embrittlement issue identified as a product of the process 
over one hundred years ago (Pirani, 1907), there are various other recurring themes in the 
literature. It is estimated that steels with a carbon content of > 0.08 wt.% carbon (Glaski, 
1973) should not be coated using the process as the temperatures used promote 
interdiffusion of the carbon into the coating leading to degradation of adhesion and the 
formation of voids/porosity at the substrate-coating interface. This would limit tantalum 
CVD coatings through this method to stainless steels, which is the current industry norm, 
however Béguin, Hovarth & Perry (1977) managed to successfully coat a 0.11 wt.% carbon 
steel with a 20 µm coating of tantalum under atmospheric pressure and a deposition 
temperature of 950°C (Perry, Béguin & Hinterman., 1980). The coated steel showed 
resistance to corrosive media after exposure to pools of concentrated acid on the coating 
surface and were fully dense and pore free.  
The work of Béguin, Hovarth & Perry (1977) and Perry, Béguin & Hinterman. (1980) 
into tantalum coating of mild steels also indicated the development of a tantalum carbide 
and iron-tantalum interfacial region between the coating and substrate surface. The 
temperature dependence of the diffusion rates of the differing species led to porosity being 
visible at temperatures above 1000°C which was attributed to Kirkendall porosity (Béguin, 
Hovarth & Perry, 1977). This agreed with earlier diffusion studies on tantalum/steel 
diffusion couples conducted by Glaski (1973) who observed increased porosity and reduced 
coating bond strength with increasing carbon content and deposition temperature. 
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The development work on mild steels, as successfully achieved by Béguin, Hovarth & 
Perry (1977) and Perry, Béguin & Hinterman (1980) in the late 1970’s, seems to have been 
abandoned as a route of development and most work since has focused on stainless steel 
coatings as shown the current state of the art for Ta vapour deposited coatings in section 
2.4.4. This is perhaps due to the difficulty in obtaining consistent, adherent, coatings 
outlined above. It is this challenge that has been undertaken on even higher carbon 
containing substrates in the present study. 
Potential hydrogen embrittlement and interfacial defects and diffusion are not the only 
factors for consideration in the CVD process. Prior to its discovery the brittle nature 
identified in the early work, could also have had a different underlying cause: the 
metastable β-Ta phase. As outlined in section 2.3.2, heat treatments can be used to transform 
the preferential β-Ta deposits on steel substrates (Suh et al., 2010), as well as mitigating any 
residual hydrogen in the deposited coatings. Such heat treatments when forming part of the 
overall deposition process, need to be as efficient as possible, and of minimal duration to 
promote additional diffusion.  
 
 Current state of the art 
 
Taking advantage of many years of research and development, TantalineTM are the 
industry leaders in commercial tantalum vapour deposited coatings to a wide variety of 
industries. TantalineTM represents the comparative performance and quality of coatings to be 
deposited over the analytical work presented in subsequent chapters.  
TantalineTM offer commercial vapour coating under reduced pressure at temperatures 
between 700-900⁰C of predominately 316 stainless steel components with tantalum coatings 
with a minimum thickness of 50 µm (CVD Equipment, 2019). Of particular note, is what 
they describe as their patented ‘surface alloy zone’ (see Figure 2-10) of approximately 0.5-
1μm that forms at the steel/tantalum interface. Similar interfacial and/or interdiffusion zones 
have been identified in the literature (Perry, Béguin & Hinterman, 1980; Béguin, Hovarth & 
Perry, 1977; Glaski, 1973), and appears to be an inherent characteristic of CVD deposited Ta 
coatings on steel substrates. It has been suggested that this interfacial zone is comprised of 
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predominantly tantalum and steel alloying element carbides, and iron tantalum intermetallic 
compounds (Perry, Béguin & Hinterman, 1980, Powell et al., 1948). The interdiffusion and 
alloying of the interfacial zone can promote chemical adhesion of the coating to the 
substrate, but as described in the review of Ta CVD above, can be detrimental if it becomes 
too large.  
It is suggested that the chemical bonding of the Ta to the substrate is encouraged 
through an initial atomic layer Ta deposition on the surface to be coated. It is upon this that 
the bulk Ta coating is deposited. It is possible that the initial Ta layer acts as an α-Ta 
promoter for the subsequent bulk Ta layer. There may also be a post-deposition heat 
treatment applied, but knowledge of the actual process is limited and proprietary in nature. 
 
  
Figure 2-10: Tantaline™ coating schematic (Extreme Bolt & Fastener, 2016, left) an cross-section micrograph 
(with permission from Cranfield University, right) identifying interfacial ‘alloy’ zone of interdiffusion substrate 
 
 Immunity from corrosion is listed for this material against more than 150 different 
corrosive environments, and large, complex geometries can be treated. An industry user has 
however identified incompatibility of this technology with their requirements for materials 
in the chemical processing industry as is discussed in the following section.  
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 The issue addressed by this technology 
 
2.4.4.1 Outline 
 
The multitude of potential uses for Ta CVD coatings in both the bulk, α-Ta form and in 
the β-Ta form were presented in section 2.3.3. The project undertaken looked to the α-Ta 
CVD coatings for the specific application of corrosion resistant coatings as alternatives to 
existing technologies used in the chemical processing industry (CPI).  
A brief overview of existing materials and the environments in which they operate is 
provided, as well the types of corrosion and failure encountered during service. The benefits 
that Ta CVD coatings capable of providing a ‘nil’ corrosion rate in the operational 
environment are presented, and dominant failure mechanisms are identified that form the 
basis for subsequent corrosion testing in chapter 6. 
 
2.4.4.2 The chemical processing industry (CPI) 
 
The UK chemical industry has an estimated turnover of £50 billion (CIA, 2015). Based 
on estimates of 8% (Hoar, 1970 in NACE 2015), approximately £4 billion of this is lost due to 
corrosion. Through the implementation of alternate corrosion control techniques and 
materials, such as Ta CVD coatings, these costs could be greatly reduced by up to 40% 
(Hoar, 1970 in NACE, 2015). 
For a leading producer of silicone and silane products, the transportation of chlorides 
and other corrosive substances around their plant presents severe corrosion issues for 
pipework and other plant fixtures. A typical silicon production process involves: 
 
 Isolating pure silicon from silica that is then ground into a fine silicon powder 
 The silicon powder is combined and heated with methyl chloride (CH3Cl) 
forming methyl chlorosilane, a mix of various compounds  
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 The methyl chlorosilane is distilled into its components such as 
dimethylchlorosilane  
 Water is added to the dimethylchlorosilane to forms silanols that are 
catalysed into siloxanes by the HCl by product 
 The HCl is recycled and transported back to the methyl chloride processing 
plant 
 
The silicone production process is well-know and done on extremely large scales 
across plants in the UK and the world. The process involves various chemicals and by-
products that can lead to considerable corrosion as well as having other harmful and 
dangerous characteristics. These chemicals, and the materials used in their transport and 
control are considered below. 
 
2.4.4.3 Materials and failure 
 
Permeation failure, as shown in Figure 2-11, is accountable for 70% of failure in a 
typical silicone and silane production plant (Makarak, 2015). Any unplanned failure in 
pipework, fixtures or fittings, such as shown in Figure 2-11, can result in high costs arising 
from lost production and plant downtime (see Table 2-3). The incidences of unplanned 
failure necessitate more frequent inspection and service intervals, all of which further impact 
production and costs. 
Table 2-3 below highlights the variety of corrosion resistant materials currently used in 
a typical UK based silicone and silane processing plant and their susceptibility to 
permeation, and associated cost of downtime per annum. Supplier locations, relative cost 
and lead times are considered, along with estimated current expenditure. 
41 
Table 2-3: Comparison of pipeline and fitting materials used in the chemical processing industry 
 
Material Exposed to Uses in CPI plant Permeation 
failure 
UK 
supplier 
Lead time Annual 
expenditure  
(£000s) 
Relative 
cost 
(£s) 
Cost of 
downtime 
(£M/yr) 
PTFE  HCl, MeOH, H2SO4, 
Acetyl Chloride, 
Caustic 
Many miles of lined 
pipelines and 
numerous fitting 
Yes Yes Days 250 2500 0.5 
Glass lined 
carbon steel 
HCl, MeOH, 
Sulphuric acid, 
Acetyl Chloride 
Columns, small 
number of pipelines 
No but 
subject to 
cracking 
No Months 500  > 2 
PFA HCl, MeOH, H2SO4, 
Acetyl Chloride, 
Caustic 
Thousands of 
fittings and lining of 
vessels 
Yes Yes Days 100  0.2 
PVDF HCl, MeOH, H2SO4, 
Acetyl Chloride, 
Caustic 
Lining of vessels 
and a few miles of 
pipework 
Yes Yes Days 50 3450 < 0.1 
Tantalum  HCl, MeOH, MeCl Heat exchangers, 
very small 
No No Months 500 25000 < 0.01 
Tantaline Not used Not used No No Months N/A  N/A 
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Figure 2-11: Images of unplanned failures of  PTFE lined pipework (Makarek, email, 2015) 
 
 Table 2-3 highlights the dominance of PTFE lined and PFA components in CPI 
plants. These materials are cheaper and quicker to replace, but the most prone to permeation 
failure with high associated cost of plant downtime. Glass lined steel components are not 
susceptible to the permeation failure, but often fail due to cracking from mechanical loading. 
These mechanical loads, as well as manufacturing defects and installation defects account 
for 25% of failures, with the remaining 5% attributed to static, unknown failure (Makarak, 
2015). 
 Tantalum, with its excellent corrosion resistant properties, does not suffer from the 
permeation failure and has negligible associated costs of failure. The relative cost however is 
10 times that of PTFE lined pipework, with increased lead times. Whilst pure tantalum 
components offer the ideal solution in terms of their superb corrosion resistance, it is not 
cost effective to have every part that is exposed to a corrosive environment fabricated from 
this metal. A typical Ta lined carbon steel 14” elbow for example has an approximate cost of 
£60,000.  
A more viable cost-effective option to solid Ta components is Ta coatings (Fattah-
Alhosseini et al., 2017; Cardarelli, Taxil & Savall, 1996). The superior corrosion resistance of 
the tantalum coated components over the existing lined pipework or polymers would offer 
longer inspection and maintenance intervals leading to extensive cost savings and 
reductions in plant downtimes during replacement cycles. 
From an industrial perspective, currently, replacement of PTFE/alternate materials is 
still cheaper than Ta component deployment. It may be a cheaper option, but it is one with 
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detrimental environmental and time implications during the unplanned failures 
encountered. The process in this project offers reduced environmental impact in the overall 
use of Ta both in reduced material requirements over solid components, and through an 
innovative cradle-cradle lifecycle process which uses recycled Ta as the precursor material.  
An additional cause of corrosion in CPI plants, one that has been identified as a 
primary cause of failure (Makarak, 2015), is that of stress-corrosion cracking (SCC). SCC 
results from an applied mechanical load, or residual tensile stresses, to/in a susceptible 
material, in a chloride-containing environment with a temperature of more than 
approximately 50°C. These three conditions combine to induce brittle fracture and 
subsequent corrosion of the material and will form the basis of the C-ring corrosion tests to 
be conducted to evaluate Ta CVD coating performance in the representative CPI 
environment in chapter 6. 
 
 Summary  
 
The Ta CVD process still poses many questions and research into CVD Ta coatings 
having gone through a dormant phase after high interest in the 1970s (Levesque & 
Bouteville, 2004), is seeing a resurgence in interest for numerous applications. The core 
reaction to be used in the subsequent process development has been established, although 
the complex nature of the reaction inside the chamber and its dependency on process factors 
such as pressure and temperature has also been demonstrated. The 1970s saw Ta coating on 
> 0.08% wt. Cmax steels was attainable, but persistent issues relating to interfacial quality and 
performance saw it abandoned in favour of stainless steel substrates that dominate the 
commercial Ta CVD coating market.  
The CPI features an extremely hostile environment that demands the highest levels of 
performance. Materials operating in the CPI are wide-ranging in terms of deployment, cost, 
and risk of failure. α-Ta CVD coatings on standard carbon steels offer a viable and 
competitive alternative to current solutions. Combined with the issues identified in section 
2.4, the technology is comparatively in its infancy. The project undertaken to develop the 
coatings towards comparable performance and solve these issues starts with a more detailed 
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understanding of the process and how it relates to the acquired properties. In order to do so, 
a statistical design of experiments approach was adopted as is described in the following 
section. 
 
2.5 Statistical design of experiments 
 
 Overview 
 
The present study has investigated Ta atmospheric pressure CVD (APCVD) coating 
properties in relation to controllable process factors using existing pilot-plant facilities. The 
purpose was to develop a set of optimal process parameters for desired coating 
characteristics in an efficient and economical way. To do so, statistical Design of 
Experiments (DOE) methods were employed as a step-change from the more time intensive 
and limited scope one-factor-at-a-time (OAFT) and best-guess approaches to CVD process 
optimisation.  
This section provides a synopsis of the general DOE approach and principles, before 
covering the two methodologies employed in a hybrid, sequential approach: the Taguchi 
methodology, and Response Surface methodology (RSM). Each approach is outlined, along 
with its composite analytical tools, benefits, and limitations. 
 
 Design of Experiments  
 
Montgomery (1997) defines an experiment as ‘a test or series of tests in which 
purposeful changes are made to the input variables of a process or system so that we may 
observe and identify the reasons for changes that may be observed in the output response’ 
(Montgomery, 1997, p.1). In engineering practice, such experiments are employed at all 
stages of process and product development for a multitude of reasons including: evaluating 
system design, evaluating material options, determining key process parameters and their 
optimum levels, and the development of a ‘robust’ process whereby external influences of 
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the system have a minimal effect on the variability of the outputs. For the study contained in 
this report, it is the optimisation of a robust process that is investigated for the commercial 
viability of the tantalum CVD coating process.  
In general, a process or system can be represented by Figure 2-12 below, whereby the 
‘process’ is affected by both controllable and uncontrollable/noise factors that impact the 
output/response. 
 
 
Figure 2-12: Generalised CVD process block diagram 
 
Based on this model a generalised expression for the process/system in question can be 
written such that: 
 
𝑦 = 𝑓(𝑥1, 𝑥2 … … , 𝑥𝑛 ) + 𝜀 
 
Where:  y – outputs/response 
   x – inputs/controllable factors 
   ε – error, associated with uncontrollable/noise factors 
 
In practice, such relationships between process inputs that we will call ‘factors’ and the 
responses are not straightforward and require more complex mathematical models that can 
account for interaction effects between factors. It is apparent that there are many avenues for 
experimentation which may be of interest in the understanding of these processes such as: 
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 What variables have the most significant effect on the response 
 What level of x will produce the desired y values 
 What level of x minimises variation of the y values 
 What level of x minimises the effect of the z values 
 
This is the general approach for consideration in the optimisation and development of 
a robust CVD process whereby process parameters that can be controlled are considered as x 
variables, those which cannot be controlled as z values, and the y values as the desired 
response/responses of the system. The assignment of these factors can be seen in chapter 4 
based on the cause and effect diagram presented in Figure 4-2. 
Such simplified models of systems that do not account for interacting or confounded 
factors, are not widely suited to complex processes such as CVD reactions, yet historically 
they have a prevalence in process design and optimisation. These are generalised as 
univariate approaches that involve the variation of one process parameter whilst all others 
are kept at a constant level and examining the response of the system. Such one-factor-at-a-
time (OFAT) processes, can highlight the variation of a single response per parameter, but 
do not account for any interaction effects. OFAT experiments are also highly inefficient and 
uneconomical, involving countless experiments to evaluate the entire design space. For 
example, a full-factorial experiment of 5 factors at 5 levels would require 55, that’s 3125, 
experimental trials to test all factor combinations. Such a number of experimental trials in 
real-world applications is highly impractical without first identifying the significant process 
factors through screening experiments in order to minimise the number of process 
parameters for consideration or using alternate techniques.  
A similar practice often seen in industrial settings is the trial and error, or best-guess 
approach. This relies on the experience of the experimenter and historical data to estimate 
the optimum levels of the factors and trialling them. This is repeated until an acceptable 
output is reached. Such an approach can often generate seemingly good results due to the 
skill of the experimenter, although the entire design space is not investigated nor is any real 
understanding of the system gained. 
An alternate approach is that of statistical design of experiments that takes a 
multivariate approach to investigate all factors simultaneously over the entire design space. 
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DOE methods offer an efficient experimental design that can be more economically viable 
and provides understanding of interaction effects and allow the development of empirical 
models of the process. For CVD processes, theoretical modelling of systems is complex and 
requires an inherent understanding of the process reactions and kinetics that are generally 
not well understood, and expensive computer software and trained technicians that are 
beyond the realm of many SME companies. As such, the development of empirical models 
based on experimental data is preferred that can subsequently be used to predict responses 
at varying factor levels within a degree of statistical fit. Simply, statistical design of 
experiments can be defined as ‘the process of planning the experiment so that appropriate 
data that can be analysed by statistical methods will be collected, resulting in valid and 
objective conclusions’ that can be of significant advantage to the experimenter 
(Montgomery, 1997, p. 11). 
Statistical DOE is a process and an approach to experiment design that can follow 
numerous differing methodologies, but has the following generalised stages (adapted from 
Montgomery, 1997): 
 
1. Definition of the problem 
2. Selection of process factors, levels and ranges (often this comes from the ‘recipe’ 
being investigated and the knowledge of the experimental team) 
3. Selection of the response/responses of the system 
4. Selection of experimental design 
5. Performing the experiments 
6. Statistical analysis of data/results 
7. Conclusions, recommendations and validation trials 
 
These stages often form part of a much larger iterative and sequential process as 
understanding of the system is developed. The understanding gained through this process is 
a direct response to the appropriate selection of all variables and experimental design. There 
are numerous choices for the experimental design, although most involve the use of factorial 
or fractional factorial experiments that minimise the number of experimental trials needed to 
provide sufficient information over the design space. Not all experimental designs will be 
considered here. Instead, a brief overview of two approaches used in the study are 
provided. 
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 Taguchi Methodology 
 
Genichi Taguchi (Roy, 1990) pioneered a new statistical methodology, subsequently 
name the Taguchi method, that gained popularity amongst industry in the 1980s (Roy, 
1990). He proposed that optimisation of engineering processes should be conducted in three 
steps:  system design, parameter design and tolerance design. These steps form part of a 
robust design strategy aimed at minimising quality losses and variance in system responses. 
For the system in question at this stage in development we will be focussing on the 
parameter design stage and associated methods. 
Taguchi proposed the use of full factorial orthogonal arrays that reduced the number 
of experiments compared to the OFAT approach without compromising the data generated 
for subsequent statistical analysis. Taguchi orthogonal arrays require less experimental trials 
than would be required for a 3k factorial experimental design to investigate factors at 3 
levels. The orthogonal arrays could be combined into an inner array for the controllable 
factors and an outer array for the noise/uncontrollable factors to investigate the variation 
with the system noise. To do so requires that these uncontrollable factors can in some way 
be controlled and measured to give them a distinct level which is not the case in the study 
presented here  
The basis of the statistical analysis is on a summary signal-to-noise ratio (S/N ratio), as 
the quality characteristic of the system response. The S/N ratio was to provide near optimum 
values of system responses with the minimal variation from the mean target value. Based on 
the desired response, the S/N ratio can take three forms dependent on whether the aim is to 
maximise, minimise or keep to a nominal value the system output. These are as follows with 
n the number of observations, y the response of the system, ?̅?the square mean response, and 
S the variance of the system.  
 
Smaller the better:  
𝑆
𝑁⁄ =  −10𝑙𝑜𝑔10 [
1
𝑛
∑ 𝑦2
𝑛
𝑖=1
] 
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Larger the better: 
𝑆
𝑁⁄ =  −10𝑙𝑜𝑔10 [
1
𝑛
∑
1
𝑦2
𝑛
𝑖=1
] 
 
Nominal is best: 
𝑆
𝑁⁄ =  −10𝑙𝑜𝑔10 (
?̅?2
𝑆2
) 
 
Modern statistical software such as Minitab18 allows for the calculation of these values 
with ease based on experimental data. The ‘optimum’ value for each parameter is identified 
by the highest S/N value. The factors can be ranked based on the variation of the S/N ratio 
with the largest delta S/N having the prominent effect.  
Additionally, analysis of variance (ANOVA), is also an integral tool of the Taguchi 
method that can be used to identify the statistical significance of factors through P-values 
and their percentage contribution to the desired system response that can be calculated 
through Equation 1 below.   
 
𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑐𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 = (
𝐹
Σ𝐹
) 𝑥 100 
Equation 1: Percentage contribution of factor to response 
 
Where:  F- F-value for factor 
  ΣF – total F-values for all factors 
 
The response data can also be fitted to linear models that identify regression 
coefficients and can be used to predict the response for given factor levels. Such models have 
an associated lack-of-fit due to noise factors that may be affecting the system and because 
the Taguchi techniques generally ignore the interaction effects of the factors. 
The general steps in employing the Taguchi method for parameter design, often 
overlapping with general DOE steps outlined above, are as follows (adapted from 
Montgomery, 1997): 
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1. Definition of the problem 
2. Identification of the response 
3. Identification of factors both controllable and uncontrollable 
4. Selection of factor levels 
5. Selection of an appropriate orthogonal array and assignment of parameters to it 
6. Performance of the experimental trials (randomised from the set array in order to 
minimise noise effects) 
7. Analysis of experimental results using S/N and ANOVA 
8. Selection of optimum levels for process factors 
9. Verification of optimum levels through validation trials 
 
The disregard of interaction effects is one of the main issues with the Taguchi 
methodology, especially in complex chemical processes such as CVD systems. This is not the 
only issue, and the Taguchi method has received a great amount of scrutiny and controversy 
regarding the use of the S/N ratio as a suitable performance characteristic. The Taguchi 
method fundamentally is a single, not multi-response technique such that the analysis for 
each response is done separately. Thus, optimum levels may be different for each response 
requiring further trade-offs. The optimum levels this method generates relate to the discrete 
levels selected during the experimental design, not as a function of the continuous design 
space, and as such may not represent the actual optimum value  
Despite these issues, Taguchi methods gained popularity and still are popular in 
industrial settings due to the efficient, accessible nature of the process that can provide 
interpretable data in a cost-effective manner. The Taguchi method is also beneficial in the 
optimisation of qualitative factors that cannot be varied to the degree required for alternate 
techniques such as RSM, a methodology is outlined in the next section. 
 
 Response Surface Methodology 
 
Response surface methodology (RSM) is ‘a collection of mathematical and statistical 
techniques that are useful for the modelling and analysis of problems in which a response of 
interest is influenced by several variables and the objective is to optimise this response’ 
(Montgomery, 1997, p.427). Attributed to Box and Wilson (1951), RSM uses data fitting 
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techniques and regression analysis to analyse multivariate experimental data generated 
through fractional factorial designs to maximise, minimise or target a system response. 
The data is fitted to models that evolve from a generalised equation to a first-order 
linear model without interaction, a first-order model with interaction and second-order 
polynomial depending on the linearity of the system. These generalised equations are 
shown below: 
 
First order linear regression/main effects model, n variables, β are regression 
coefficients: 
 
𝑦 = 𝛽0 + 𝛽1𝑥1 + 𝛽2𝑥2 + ⋯ … +  𝛽𝑘𝑥𝑘 + 𝜀 
 
 
First order model with interaction, e.g. with two variables: 
 
𝑦 = 𝛽0 + 𝛽1𝑥1 + 𝛽2𝑥2 + 𝛽12𝑥1𝑥2 + 𝜀 
 
 
Second order response surface model: 
 
𝑦 = 𝛽0 + 𝛽1𝑥1 + 𝛽2𝑥2 + 𝛽11𝑥1
2 + 𝛽22𝑥2
2 +  𝛽12𝑥1𝑥2 + 𝜀 
 
The developed expression for the system can then be used to describe the relationship 
between the input factors and response, and locate optimum values based on points on the 
surface in terms of maxima, minima or saddle points. For the CVD process to be studied, a 
second-order model will be the most suitable representation to allow for two-way and 
square interactions. 
For second-order model fitting, central composite designs (CCD) are the preferred 
experimental design often used for optimisation of processes. There are numerous other 
experimental designs such as Box-Behnken, Plankett-Burman and central composite faced, 
but they are not investigated in the present study. 
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CCD designs consist of 2k factorial points, 2k axial/star points at a distance of +/- α 
from the centre point, and centre point replications, n, that can determine the experimental 
error. Overall the number of runs in a CCD design, N, is: 
 
𝑁 = 2𝑘 + 2𝑘 + 𝑛 
Equation 2: Number of CCD design runs 
 
The number of experimental trials required for CCD design can be more than other 
methods, and more than Taguchi techniques, particularly when the number of factors is 
high. As such, a screening experiment is required to identify the significant factors for a 
large parameter set to minimise this value. Myers & Montgomery (2002) state that one 
should ‘never undertake a response surface analysis until a screening experiment has been 
performed to identify the important factors’ (Myers & Montgomery 2002, p.10). This allows 
for the elimination of unimportant factors leading to a much more efficient and economical 
RSM design. 
The star points at a distance α, where generally α=(2k)0.25, allow for rotatability of the 
design and generate the quadratic terms of the model. The region to +/-α also defines the 
continuous design space within which factors are investigated and the optimum factor 
levels could fall anywhere within this region. This is a benefit over the Taguchi method in 
that the global optimum can be identified, instead of a discrete value. 
The analysis of CCD designs in this day and age is conducted using statistical software 
such as Minitab 18. Experimental data is fitted to appropriate models using a least-squares 
approach that generates regression coefficients that can be tested for statistical significance 
and model fit using ANOVA. The developed model can be used to predict the behaviour of 
the system, and comparisons can be made between experimental and predicted data to 
demonstrate this. The results can also be visually represented in the software through the 
generation of response surface and contour plots, although these get more complex when 
more variables are considered Overlaid contour plots can provide the optimum design space 
for a response, but only for a combination of two factors so graphical visualisation of 
systems is not always possible. Desirability analysis allows for the optimum factor levels to 
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be established for multiple responses as either a maximum, minimum or nominal value, 
something that is not possible using the Taguchi method. Optimum factor levels can then be 
validated through confirmation trials. 
 
 Hybrid approaches 
 
Recent work has seen the development and use of hybrid DOE techniques as opposed 
to singular methods to alleviate flaws of individual techniques (Saba & Raygan, 2017; 
Asghar, Abdul Raman & Daud, 2014; León-López et al., 2013). One such method, that has 
been employed in this study, is a hybrid-sequential multi-response optimisation process (see 
Figure 4-1, Chapter 4) that employs a Taguchi screening study, followed by an RSM CCD 
optimisation phase (Yadav, 2017; Sharma & Yadava, 2013; Acherjee et al., 2012; 
Chiadamrong, 2003) to marry the key comparative characteristics of these methods as 
outlined in Table 2-4. 
 
Table 2-4: Key characteristics of Taguchi and Response Surface Methodologies 
Taguchi Methodology Response Surface Methodology 
Signal-to-Noise ratios 
Orthogonal arrays, efficient, cost 
effective experimental design 
Regression equations 
Factorial designs that can lead to large experimental 
designs with many factors 
Discrete factors 
Qualitative factors can be included 
No interactions considered 
Single response analysis 
‘Optimum’ is a discrete factor level 
Continuous design space 
Quantitative factors only 
Linear and square interactions in 2nd order model 
Multi-response analysis 
‘Optimum’ can be found in design space 
 
The Taguchi screening stage allows for the identification of significant factors and the 
optimisation of qualitative/discrete factors in an efficient and cost-effective way whilst 
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introducing robustness into the process. The Taguchi process does not however identify the 
global optimum for the continuous variables, consider the interaction effects, or consider 
multiple responses of the system. As such, the discrete optimum factor levels identified from 
the Taguchi screening study are carried forward to form the central points of an RSM CCD 
design with minimised factors for inclusion to reduce the number of trials required to locate 
the optimum values and generate empirical models of the system for multiple responses. 
This hybrid approach has been shown to demonstrate improved quality and response 
characteristics over the use of singular methodologies for cutting and turning applications 
(Yadav, 2017, Yadav & Yadava, 2014) that are intended to be repeated when applied to CVD 
processes. The evaluation of its success in doing so is presented in chapter 4 that also 
includes the experimental design used based on the methodologies presented. 
 
 Applications 
 
Traditional CVD process optimisation has used OFAT or best guess methods due to 
the complexity of process reactions. Such methods are however laborious and time 
consuming due to the number of experimental trials required, and uneconomical for 
investigation of the entire design space and confounding effects (Suh et al., 2010; Aggarwal 
et al., 2008). Statistical DOE techniques offer the capability of reducing experimental trials 
and developing theoretical models that can be used as predictive tools for systems (Asghar, 
Abdul Raman & Daud, 2014; Acherjee et al., 2012). Such methods have been used 
sporadically in the last 20 years but have seen increased interest in recent times using 
singular DOE techniques (Simsek 2018; Schüler et al., 2018; An et al., 2018; Biira et al., 2017). 
Comparatively, DOE methods are employed extensively for other processes such as cutting 
tools and wear characteristics, CNC turning and analytical chemistry (Alok & Das, 2018; 
Saba & Raygan, 2017; Kumar et al., 2017). 
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 Summary 
 
This section has provided an outline of the varying design of experiment 
methodologies that are adopted in the experimental design in chapter 4. The salient points, 
advantages and disadvantages of each are provided to highlight how a sequential process of 
Taguchi and RSM techniques can mitigate problems and increase the understanding gained 
of the Ta APCVD process under consideration. The use of hybrid statistical tools for the 
multi-response problem is a significant step-change from the traditional OFAT, best-guess, 
and trial and error approaches widely employed in CVD processes. DOE methods provide 
an expedient and efficient tool for investigating process-property relationships, as well as 
developing theoretical models for notably complex processes with limited fundamental 
understanding. 
 
2.6 Concluding remarks 
 
Chemical vapour deposition is a versatile tool for depositing a wide variety of high-
purity, dense, conformal materials. The process, the deposition parameters and reaction 
kinetics determine the structure, properties and subsequent performance of the coating 
deposited. Studies, such as that contained in this thesis, are required as we attempt to 
increase our understating of their interacting nature. The present study is only one specific 
type of the many CVD deposition techniques, each requiring their own specific equipment 
and material considerations.  
Tantalum and its phases continue to offer solutions to problems across a wide range of 
industries and applications, although the dual-phase nature of vapour deposited Ta coatings 
is still not well understood. No unifying theory exists as to the mechanisms for its nucleation 
and growth, and the present study does not intend to provide one. Instead, insight is 
developed through the understanding of the β-Ta phase content and distribution in Ta CVD 
coatings on various carbon steel substrates. Such combinations have previously 
demonstrated inherent defects and issues that impact the quality and subsequent 
performance of the coatings and a preference for the unfavourable β-Ta phase. These 
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prevalent issues are addressed in subsequent chapters, and the β  α transition is 
investigated as a function of post-deposition heat treatments that can also alleviate the 
hydrogen embrittlement observed. Investigating these issues can lead to the production of 
α-Ta CVD coatings on 0.3-0.35 wt.%Cmax standard steels as a cost-effective alternative to 
solid/lined Ta components for corrosion resistance in the CPI. 
Historically and practically to this day, the majority of CVD process optimisation is 
centred upon OFAT and trials and error/best-guess approaches. There are few examples of 
the implementation of DOE tools to optimise CVD processes. This is slowly on the increase 
as more advanced statistical analytical tools become available, and with the increasing need 
for economically viable and efficient processes. Existing studies using statistical DOE 
approaches are dominated by both Taguchi and RSM methodologies, primarily in alternate 
manufacturing industries other than CVD coating processes.  
To promote the formation of α-Ta CVD coatings the suitability of DOE methods for 
tailoring the process parameters is evaluated. A hybrid Taguchi-RSM approach suits the 
process development in question to produce a repeatable process with minimal variation 
that can be run at optimum parameter levels to generate CVD coatings of desired properties.  
This experimental process also allows for the development of empirical models of the 
system that can subsequently be used to identify appropriate parameter values if coatings 
with alternate properties are sought. For example, the main aim of the study in question is to 
generate α phase tantalum coatings for the intended application; however, the statistical 
models developed can also suggest optimum values if β-Ta phase coatings are required.  
The use of statistical DOE methods is evaluated in the present study for optimisation 
of the Ta APCVD process. The foundations of this process are outlined in this chapter, and 
the practical aspects are described in chapter 3. Here, an outline of the materials and 
deposition equipment is presented that is built on the principles of a thermal APCVD 
system identified at the beginning of this chapter. Chapter 3 also presents the numerous 
characterisation tools that have been used over the project to analyse the DOE response 
characteristics, and the properties and subsequent performance of the Ta CVD coatings.  
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3 Experimental methods and equipment 
 
3.1 Introduction 
 
In developing the understanding of the tantalum (Ta) chemical vapour deposition 
(CVD) coating process to the coating’s properties and coating performance, the project work 
undertaken has incorporated varying materials. The ‘materials’ used cover a wide range of 
components from the substrates for coating, to process parameters and test mediums. To 
evaluate the Ta coatings and their properties, characterisation tools ranging from 
microstructural analysis through scanning electron microscopy to mechanical three-point 
bend tests were employed to enable correlation of the impact of the process and parameters. 
Coating characteristics were also investigated in relation to the scale-up of deposition 
equipment from 4” – 10” chamber diameters and the switch from atmospheric to low-
pressure systems undertaken as part of the Innovate UK funded project outline in Chapter 1. 
The subsequent section provides details of these materials, analytical tools, and information 
regarding the deposition process and equipment development undertaken. 
 
3.2 Materials 
 
The Ta CVD process used scrap and recycled tantalum material from Wilbury 
Metals, an established UK-based refractory metals supplier, with a minimum purity of 
99.9% in the form of sheet cuts as seen in Figure 3-1 (left).  
    
Figure 3-1: Recycled scrap tantalum material in delivered form (left) and cut into sections for use (right) 
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The use of otherwise ‘scrap’ materials has significant economic benefits for the 
commercialisation of the process with reduced base materials cost compared to ‘new’ Ta 
metal. The circular nature of using recycled base metals also shifts the coating process 
towards a potential cradle-to-cradle approach that enables recovery and reuse of a limited 
resource.   
To increase surface area to maximise chlorination of the tantalum the scrap material 
in Figure 3-1 (left) was cut into uniform sections pieces in the region of 1 cm2 (see Figure 3-1 
right). The chlorination of the material used technical grade chlorine (Cl2) gas supplied by 
Air Products with a purity of 99.9%. The carrier gas was technical grade argon (Ar) with a 
purity of 99.998% and the hydrogen (H2) reducing agent was technical grade from the same 
supplier with a purity of 99.95%. 
Substrate materials for initial trials and process optimisation were comprised of 
steels of varying carbon content, and varying geometries, as per Table 3-1 below. The 
varying carbon content also matches the varying cost of the steels, with stainless steels 
between 3 - 5 times the cost of carbon steels (MEPS International Ltd, 2019). The application 
therefore of the Ta coatings from recycled Ta material on carbon steels therefore can only 
increase the economic benefits of the technology developed. 
 
Table 3-1: Selected steel substrate materials used over the project 
Material C content (wt.%)  Geometry Use 
316 
stainless 
steel 
0.08 wt.%Cmax M5 washer  Early/general deposition trials and 
commissioning tests 
  110 x 16 x 1 mm  Early deposition and corrosion trials 
  30 x 20 x 3 mm Process optimisation trials 
  50 x 50 x 3 mm Up-scaled equipment trials 
Plain 
carbon steel 
 
0.12 wt.%Cmax M5 washer Early/general deposition trials and 
commissioning tests 
 
BS 10130 
carbon steel 
0.08 – 0.12 wt.% Cmax 50 x 50 x 3 mm Up-scaled equipment trials 
EN3B 0.25 wt. %Cmax  Early coating and corrosion tests 
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Later deposition trials in the Innovate UK project moved from the washer and plate 
samples detailed in Table 3-1 to larger sample geometries for three-point bend and corrosion 
testing. Samples were machined from medium carbon steel substrate materials donated by 
the project industrial partner that are in general use across their processing plant and 
standard for commercial applications (ASTM, 2018; ASTM 2018). These were varying carbon 
content steels in the form of: 
 
 ASTM A106b  0.30 wt.%Cmax  ½” Sch-160, 1” Sch-80 and 2” Sch-80 pipe sections 
 ASTM A105  0.35 wt.%Cmax  6” blind flange     
 
Full chemical composition data for these materials taken from the standard 
specifications is included in Appendix A. The A105 flange was machined into bars for 
mechanical testing and the A106b into C-ring components for corrosion test (section 6.3). 
Additional substrate materials used over the project included tungsten (W), C103 niobium 
(Nb) alloy, carbon string, and molybdenum (Mo) and Nb wire for varying interlayer trials, 
and to investigate sample support mechanisms.  
Prior to use in deposition trials all samples were grit-blasted if required using 
aluminium oxide (Al2O3) particulates and ultrasonically cleaned in acetone and then 
deionised water. 
   
3.3 CVD deposition equipment 
 
 Overview 
 
The project work included in this thesis was undertaken initially on a previously 
installed pilot-plant system. This system was used for initial trials and the statistical process 
optimisation detailed in chapter 4. The integrated Innovate UK project that ran for the final 
12-months of the project included the design, build and installation of a new, scaled-up 
version of the Ta deposition system. The new system was then used for the majority of the 
work included in chapters 5 and 6 for further correlation of the process with the properties 
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and corrosion performance of the Ta coatings. The subsequent sections describe the initial 
system as well as the stages for the commissioning of the new large scale, hot-wall, 
deposition system. 
 
 Pilot plant 
 
Constructed in 2011, the original pilot-plant incorporated two subsystems: the 
‘chlorinator’, and the deposition furnace and chamber. The ‘chlorinator’ is a three-zone 
resistively heated system controlled by a Eurotherm controller with an internal hot-wall 3” 
diameter nickel (Ni) alloy chamber. The chamber features silicon carbide (SiC) coated 
graphite liners into which, the selected metal precursor materials are loaded. The chamber is 
fed into by a dual gas control system with mass flow controllers (MFCs) and a control box 
for Cl2 reactant and Ar carrier gases. This allows the user to input selected gas flow set 
points to vary the process parameters. The Cl2 reagent is fed into the system with the Ar 
carrier gas to generate tantalum pentachloride (TaCl5) as the initial process precursor that is 
then carried via the Ar gas into the deposition chamber.  
The chlorinator has a ½” outlet with a vacuum tight connection to a hand-controlled 
ball valve and heated gas lies that feed into the deposition chamber. The deposition chamber 
is a 4” mm Ni-alloy tube, flanged at the top for chlorinator gas line and the concentric H2 
reagent connections, and with an exhaust outlet at the bottom end. The H2 flow was 
concentric to prevent premature mixing and reduction with the TaCl5 and maximise Ta 
deposition. The top flange was also the point where samples had to be vertically loaded 
from the top into the deposition chamber. The chamber sits in a GVA 12/600 Carbolite Gero 
resistively heated vertical tube furnace with 600 mm heated zone length.  
The arrangement of these systems is shown schematically below in Figure 3-2, with 
the set-up having a singular Cl2 cylinder supply, whilst the Ar and H2 gases are fed from a 
central gas distribution system. The exhaust for this system was atmospheric, being fed into 
a larger scrubber tank for a separate system. 
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Figure 3-2: APCVD pilot plant schematic 
 
The internal arrangement of the chamber on the right-hand side of Figure 3-2 again 
featured SiC coated graphite liners, as well as varying sample support mechanisms. 
Primarily, this took the form of a SiC coated graphite ring with threaded holes at the 
midline, into which graphite studding was inserted and beam placed between the two from 
which samples were hung using Ni-chrome alloy wire. 
The original system was limited in the maximum sample geometry that could be 
loaded into the system, at approximately 50 mm width. The furnace was purported to have 
a useable length of 600 mm. Temperature profiles conducted at the 0, 200, 400 and 600 mm 
depths suggested that the set point temperature featured a small offset at the 0, 200, and 400 
mm positions and a significant offset of 200°C at the bottom (600 mm) end. Due to this 
temperature offset samples positions were maintained primarily in the 0-300 mm positions. 
The optimal position as function of depth from the gas inlet, was investigated as part of the 
process optimisation in chapter 4.  
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The equipment was subject to blockages in the gas lines between the chlorinator and 
deposition chamber due to nonuniform heating and/or heating line failure leading to 
condensation of the TaCl5 that requires heating to temperatures above 150°C (Levesque & 
Bouteville, 2004). Lower oxidation state Ta chlorides that form part of the successive 
reduction reactions in the chamber (see 2.4) would also fall out of the gas phase as solid 
powders and collect in the bottom exhaust of the chamber and need removing between 
deposition trials. At present a use for these waste Ta chlorides has not been found, nor have 
they been analysed to determine what the composition/chlorides present in the waste 
material is. It is feasible that they could be re-chlorinated to generate the original precursor 
material (TaCl5), or that the Ta metal could be reclaimed from them that would further 
improve recycling of the Ta material.  
Prior to the extended use for this project and the process development and 
optimisation, the system was also adapted for a separate Innovate UK project for the 
successful development of zirconium diboride (ZrB2) CVD coatings.  Coatings were 
deposited on graphite and C-SiC composite substrates, as well as part of ZrB2-SiC 
multilayers and for SiC and C-fibre interface coatings for potential ultra-high temperature 
ceramics (UHTCs) for hypersonic vehicles, spaceplanes and lightweight vehicles, and for 
concentrating solar power receivers. The ZrB2 process used the same chlorinator system, 
with recycled Zr chips as opposed to Ta, that was similarly chlorinated and fed via carrier 
gas into the same deposition chamber with the H2 reagent feed. The primary difference with 
the process was the inclusion of an additional boron trichloride (BCl3) gas feed into the ZrCl4 
– Ar gas feed as an additional process reagent.  
The successful development of the ZrB2 coating process is one suitable for further 
development and application. It can offer benefits to numerous sectors and industries and 
can be done on the larger scale system described in the next section through the same 
modification detailed above.   
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 Up-scaled deposition facility 
 
3.3.3.1 Overview 
 
With the limitations of the small-scale system for commercialisation of the technology, 
part of the proposal for the Innovate UK received funding, was the scale-up of the system 
and process towards commercially relevant geometries. The following section outlines the 
phases of this process through the design, installation and build, and gives similar thought 
to alternate applications such as the UHTCs attempted on the previously detailed system. 
 
3.3.3.2 Design process  
 
The approach taken to the design of the new system was essentially to take the 
existing system and make a larger version. This would use the same chlorinator system for 
precursor generation and supply, but it would instead be supplying a 10” vertical hot-wall 
Ni-alloy deposition chamber. The size of the chamber was selected in conversation with the 
industrial end user (IEU) for the Innovate UK project who deemed relevant geometries for 
in-situ plant testing of 6-8” would represent significant progress. The chamber would sit in a 
custom-built large, split tube vertical furnace supplied by Carbolite Gero as visualised 
through the 3D model in Figure 3-3 below. Where the new system diverged from the old, 
was the inclusion of a vacuum pumping system to allow for low pressure deposition as an 
alternative to atmospheric pressure. 
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Figure 3-3: Model of 10” chamber and split-body furnace  
 
The in-house design involved conversation with the design engineer who took the 
previous drawings for the old small chamber, and produced new ones based on the 
specified chamber and furnace dimensions detailed by the author. Where required, 
drawings for internal components and section were then passed to a CVD scientist colleague 
for finite element analysis (FEA) using COMSOL for heat and gas flow modelling. The 
integration of FEA tools was a new approach to in-house equipment design at the sponsor 
organisation. The modelling was an essential part of specifying requirements for heat 
shielding and section lengths for heat transfer and dissipation. 
 
3.3.3.3 Design 
 
Schematically the new system in Figure 3-4 below, compared to Figure 3-2 for the 
pilot plant, uses the same chlorinator and gas supply systems and a similarly resistively 
heated deposition chamber of 10” diameter, an increase of 150% from the previous system. 
The difference is that rather than the sole atmospheric exhaust to the scrubber tank the new 
system in Figure 3-4 features an additional pressure controlled vacuum pumping system 
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featuring a liquid-ring vacuum pump (bottom of stack) capable of reducing the pressure to 
approximately 40 mbar, and a rotary booster above capable of further reducing system 
pressure to 5 mbar. The pumps are separated by interlocking valves, and the inlet to the 
pump stack has a pressure transducer and pressure control valve for monitoring and 
controlling the system pressure.  
 
 
Figure 3-4: Large AP/LP - CVD system schematic 
 
The system transferred from the schematic to a 3D layout model can be seen below in 
Figure 3-5 that features (left to right), the Cl2 cylinder cabinet, the chlorinator, split tube 
furnace with internal chamber cross section, and the vacuum pumping stack with furnace 
control box on top. 
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Figure 3-5: Integrated new large-scale deposition facility CAD model showing (right to left) precursor generator systems, 10” reaction chamber in split body furnace, and 
vacuum pumping systems and electrical control boxes 
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From the model in Figure 3-5, a small hoist can be seen to enable safe removal and 
attachment of the top flange due to the working height of more than 2 metres and a total 
structure mass of over 10 kg. This structure, in addition to the flange itself, is comprised of 
attached internal heatshield that are visible in the top of the chamber cross-section. There are 
also heat shields visible at the bottom of the chamber. The heat shields are just that, barriers 
to the heat generated in the furnace hot zone to prevent dissipation outwards. They are 
primarily Ni-alloy, although the chamber reaction zone facing shields are composed from 
graphite for increased resistance to the corrosive process media. This does however come at 
a cost. Uncoated graphite liners and/or support structures increase the potential for carbon 
to be transferred into the system that can lead to detrimental carbide formation, 
contamination, and inclusion in deposited coatings.  
In ensuring the most efficient heat shield design and positioning in the chamber 
sections shown in the section B and C details Figure 3-6 (top), COMSOL FEA modelling was 
employed at the sponsor organisation through collaboration of the author, design engineer 
and fellow CVD scientist to simulate the temperature and gas flow in the new system, an 
approach previously not taken. The heat flow models were also required to design the 
length of the outer chamber body sections such that sufficient heat would be dissipated to 
prevent degradation of Viton O-rings that are limited to a service temperature of < 200°C. 
The produced results were heat maps and temperatures profiles (see Figure 3-6 middle) as 
well as gas speed maps such as those in Figure 3-6 (bottom). 
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Figure 3-6: COMSOL modelling results showing even temperature distribution inside the reaction vessel and 
temperature flow along the heatshields and into the vessel walls  (previous page), gas speeds shown increasing 
through holes through the bottom heat shields (above ) 
 
The gas speed maps in Figure 3-6 (d) highlight increased gas speed (blue-green-
yellow-red) as the gases pass through holes in the shields and around the outside between 
them and the chamber wall. Such slowing down of the gas on exiting the chamber aids cool 
down and lower Ta-chloride fall-out to prevent carry over into the vacuum pumping 
exhaust system and minimise heating of lower powder collection and support structures. 
Interestingly, such heat transfer through the top heat shield assembly in Figure 3-6 (c), 
suggests that the conduction of heat away for the hot zone primarily occurs through transfer 
across the heat shields and into/up the chamber wall.  
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3.3.3.4 Installation and commissioning 
 
Both designed and off-the shelf items created a bill of materials that were ordered as 
needed. The big-ticket long lead items were the custom furnace and new liquid ring vacuum 
pump. Other items ranged from standard pipeline components, fittings, and valves. Some 
items such as the body of the new 10” deposition chamber had to be ordered and 
machined/fabricated to specified dimensions and drawings. Parts were then assembled 
through mechanical attachment or welding to create the final components.  
From an initial promised lead time of 3-4 months, and due to delays in project start, 
the actual delivery of the new furnace took 8 months, causing significant knock-on delays to 
the project. Whilst chamber production and some infrastructure such as power supplies and 
the new pumping stack could be assembled during the delay the full system could not be 
assembled until receipt, connection, and fixing of the new furnace. Once received and 
positioned the new system layout can be seen in Figure 3-7 below, closely matching the 
initial 3D model in Figure 3-5. 
 
   
Figure 3-7: Installed larger deposition system at ATL  
 
Prior to deposition trials one of the first tasks was to conduct a temperature profile 
mapping of the new system. This would identify any offset from process set points and 
temperature distribution down the increased 900 mm heated length. Temperature profiles 
were at positions of 0, 300, 600 and 900 mm vertically form the gas inlet inside the deposition 
chamber. With a maximum extended duration temperature of 1100°C, the furnace was first 
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heated to a temperature of 850°C where it was held for a typical process time before 
increasing the temperature to 900°C to test sensitivity of the furnace control, and finally 
heating to 1100°C prior to switch off and cool down. Temperature data at each point in this 
cycle was recorded and then plotted as shown in Figure 3-8 below.  
 
    
 
Figure 3-8: Large furnace temperature profile maps at 4 furnace points heating from room temperature, to 
process temperature, to heat treatment temperature, and cool down showing temperature gradient down the 
furnace length 
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Figure 3-8 (top) shows the entire test range from 0 – 1100°C over a period of 24 hours. 
From this we can see that the system takes approximately 1.5 hours to approach near the set 
point and another few minutes to level out. At the set point temperature there is an offset of 
≈ 20 – 50°C within the top 600 mm, however this increases to ≈ 150°C at the bottom of the 
system, Figure 3-8 (bottom). This is a smaller offset than for the pilot scale plant, but still 
limits the effective working zone of the furnace to the top half of the system. This positions 
the samples similarly to ranges in the pilot scale plant that are beneficial in terms of the 
overall process to maximise deposition rather than increase inefficiency through 
homogenous gas phase reactions. The additional benefit of the temperature profile was to 
see that using typical process windows, the system was cool enough within the 24 hours to 
enable daily turnaround of the system. 
Additional commissioning issues and actions encountered that delayed effective running 
of the system included: 
 
 Issue: Blockages in the chlorinator outlet valve, furnace inlet tee, inlet to the flange on the 
tantalum deposition furnace and furnace gas inlet. 
 
Action: Line heating increased to avoid condensation, the concentric hydrogen feed pre-
heated, and the insulation inside the reaction chamber altered.  
 
 Issue: Chlorine cylinder outlet restriction 
 
Action: Limitation of Cl2 reagent flow and precursor generation. Deemed not to be 
detrimental to scheme of project work as high deposition rates attained and significant 
deposition on chamber furniture and waste lower chloride powder. A replacement 
cylinder is being sought of an equivalent or smaller size so as not to increase health and 
safety risks for subsequent larger component coating trials requiring increased precursor 
supply. 
 
 Issue: Gas spreader not operating as intended 
 
Action: Possible redesign of the inlet for optimal gas mixing whilst avoiding potential 
blockages. Additional COMSOL modelling conducted of a ‘cone’ spreader design (see 
Figure 3-9) 
 
 Issue: Leaks discovered in the furnace gas inlet and atmospheric exhaust valve. 
Action: Faulty parts replaced or repaired, the mechanism of the occurrences understood, 
and the risk register updated to reflect the possibility of this problem reoccurring.  
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 Issue: Pressure transducer intended for the system was faulty. 
 
Action: Replacement used although not accurately calibrated so offset from measured to 
actual process pressure. System operated at lowest possible pressure and when measured 
ranged from 2-10 mbar. 
 
 Issue: Waste powder carry over into exhaust lines causing pump degradation and 
production of harmful solutions in pipelines. 
 
Action: The exhaust lines cleaned regularly, with the implementation of another valve on 
the line to prevent backflow of moisture.  
 
 Issue: Heating tapes failing causing condensation of the precursor and blockage of the gas 
lines 
 
Action: Corresponding heating tapes and thermocouples have been colour-coded to help 
prevent this from happening again in the future. 
 
In resolving the abovementioned issues, as well as additional gas flow and 
distribution issues leading to swapping the concentric precursor and reagent gas lines, an 
additional period of 3 months from installation to full function was required. This 
significantly delayed the practical trials and coating production for investigation of 
process/property relationships reported in chapter 5 and 6. 
 
3.3.3.5 Outstanding actions 
 
Having been operational daily for approximately 3-months to ensure successful Ta 
coating development towards project-end, as with many development systems, there are 
actions needed to rectify flaws and issues with the design identified during service. 
Primarily the issues with gas flow and distribution in the system needs to be addressed to 
limit premature undesired homogenous gas phase reactions. This will enable even and 
uniform coverage over larger samples. One possible idea to resolve this is the use of a ‘cone’ 
(see Figure 3-9) on the internal precursor line to distribute and direct the flow and delay 
mixing with the H2 reagent. COMSOL modelling has once again been employed to estimate 
the effect on the gas flow into the chamber, and temperature. The gas speed (Figure 3-9 
middle) shows the reduction in TaClx speed (red-blue) as it expands in the cone inlet. 
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Reaction chamber temperature uniformity (Figure 3-9 bottom) is not affected by the addition 
of the ‘come’, assuming similar materials of construction. Gas speed and retention in the 
system also needs further adjustment, particularly under low pressure, to improve 
conversion and efficiency of the system. 
 
    
 
 
Figure 3-9: 'Cone' inlet CAD model (top), gas speed COMSOL simulation (middle) showing reduction in gas 
speed during expansion in the cone, and temperature profile (bottom) displaying uniform process temperature 
in reaction chamber 
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Remaining issues relate to Ta-chloride powder waste products being carried over in 
the exhaust into the pumping system that can cause degradation and seizure. Additional 
cold traps and/filters are being investigated to minimise this. Comparatively on the inlet, 
additional pressure control may be needed to maintain the chlorinator at atmospheric 
pressure during low pressure deposition runs to ensure maximum residence time and 
conversion of the Cl2 that otherwise degrades the hardware.  
 
3.3.3.6 Applications 
 
Despite the actions and the issues encountered, the result of the build is a large-scale 
flexible deposition system for numerous materials. Whilst the primary purpose of the new 
equipment is for Ta deposition, it is also capable of being utilized for alternate deposition 
processes. Alternate Ta compounds such as tantalum carbide (TaC) and tantalum nitride 
(TaN) could both be generated through the installation of additional reagent gases: 
ammonia (NH3) to produce the nitride, and methane (CH4) to generate TaC. 
Aside from Ta and its compounds, the system can also be similarly used for ZrB2 as 
was the initial pilot plant, as well as additional UHTCs. Again, this would see the 
installation of an additional boron trichloride (BCl3) reagent gas line but offer the similar 
benefit of larger and more complex shape coating capabilities.  
 
 Summary 
 
Increasing the deposition capabilities has increased the maximum sample geometry 
from 50 – 200 mm, an increase of 300%. The new system also features more versatility 
through being able to run at both atmospheric and low-pressure conditions, and these 
variances were investigated in relation to their effect on the coating properties and 
performance.  
As with many new systems, there were significant delays from the design to receipt 
of items and subsequent commissioning. These delays impacted timeframes for practical 
trials and subsequent analysis, but through developing more detailed understanding of the 
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nuances of the new system it could then be operated daily for a period of 3-months to 
produce the required coated samples for analysis seen in chapters 4 and 5. Development of 
the new system also incorporated a new approach to equipment design for the sponsor 
organisation through the integration of FEA analysis of gas and heat flows as part of the 
design refinement process. This is a potential step change for the future design of new 
systems both in the R&D department and for the commercial equipment sales division of the 
project’s industrial sponsor.  
 
3.4 Tantalum CVD process and parameters 
 
Section 2.4 detailed existing data regarding the Ta CVD process and examples of process 
parameters used in previous developments. The parameters ranges defined were used as a 
baseline, along with existing ATL developmental procedures, to define a Ta CVD process for 
the 4” pilot-scale plant. Having refined a repeatable process, this was then optimised 
through the use of statistical design of experiments described in chapter 4. The developed 
process was then applied to the larger scale equipment installed as per the previous section.  
The Ta CVD process used throughout the study was the hydrogen reduction of tantalum 
pentachloride generated in-situ through the direct chlorination of the recycled tantalum 
scrap material as described in section 3.2. The process involves sequential reduction of the 
chlorides as described in 2.4 and process products also include these lower chlorides as solid 
powder residues that fall out of the gas phase into the system exhaust. 
The process used, along with the deposition equipment, allow for the control of 
various process parameters including temperatures (°C) and gas flows. For the mass flow 
controllers used in the equipment, MKS brand MFCs, the volumetric flow is referenced 
against the American standard litres per minute (slm). SLM uses standard reference 
conditions of 0°C and 101.325 kPa (1 atm), for density values to convert mass flow to volume 
flow (Bronkhorst, 2019). 
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The typical range of temperatures and gas flows varied in the Ta deposition process were: 
 
Temperatures: Furnace deposition temperature (800-950°C)  
  Heated gas line temperatures (300-325°C) 
  Chlorinator reaction temperature (550°C) 
 
Gas flows: Cl2 flow (0.2-0.8 slm) 
  H2 flow (2.5-5 slm), 
  Ar carrier gas flow (0.2-1 slm) 
 
Process temperatures were controlled using integrated Eurotherm 3216 controllers in 
the chlorinator system and vertical tube furnace. Gas flows were controlled using mass flow 
controllers (MFCs) provided by MKS Instruments and Bronkhorst. Both systems allow for 
desired set points for temperatures and gas flows to be directed and internally controlled. 
Temperatures were correlated to thermocouples installed in heated regions. MFCs and 
control systems do not have a measure and feedback loop and as such setpoints are taken to 
be accurate.  
One of the issues with MFCs is that they can degrade over time due to reasons such 
as Cl2 degradation of the seals. To monitor this MFCs are calibrated every few months 
against a master control using nitrogen gas. Adjustment factors are then calculated as a 
function of the measured response against the set point. These adjustment or calibration 
factors are then applied to set points to ensure the correct gas flow is provided to the system. 
For example: if a Cl2 MFC is operating at 50% across its flow range and the desired Cl2 flow 
is 2 slm, a setpoint of 4 slm (setpoint/adjustment factor), would be needed to provide this. 
Initial pilot-plant studies were conducted under atmospheric-pressure, taken to be a 
constant, although small fluctuations of actual pressure within the reaction chamber are to 
be expected. Subsequent scale-up moved the process to the installed low-pressure system 
with pressures in the 2-10 mbar range.   
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3.5 Characterisation tools 
 
 Overview 
 
In the traditional materials tetrahedron presented in chapter 1, characterisation often 
forms the central node that enables correlation of material structures, properties, processing 
and performance. To develop the understanding of the interrelationship between these 
factors in the present study, a wide range of analytical tools were employed as outlined in 
the following sections. 
 
 Mass change method for coating thickness 
 
Coating thickness post-deposition was calculated as an average over the sample 
surface as a function of the mass change and density of the deposited material whereby: 
 
𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 (𝜇𝑚) = (
∆𝑚
𝜌𝐴
) 𝑥 10000 
Equation 3: Mass-change thickness equation 
 
Where: Δm = mass change (g) 
  A = surface area (cm2) 
ρ = coating material density (g/cm3) 
 
 
Surface area, A, is sample specific and measured/calculated during run setup. 
Deposited coatings are presumed to be fully dense as CVD coatings demonstrate this 
quality, and equivalent to that of bulk-Ta metal at a value of 16.65 g/cm3. In reality coating 
density is subject to fluctuation in relation to the coating phase composition and the 
variations in relative phase densities. For example: taking the higher range of noted β-Ta 
density of 16.90 g/cm3 and the lowest α-Ta density of 16.30 g/cm3, a coating with α:β ratio of 
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1:1, 2:1, 3:1 and 4:1 would produce coating densities of 16.60, 16.50, 16.45, and 16.42 g/cm3 
respectively.  
Calculations of coating thickness were conducted immediately after removal from the 
deposition furnace and measurement of the new sample mass using the Ohaus Pioneer four 
figure balance. Calculated thicknesses are an estimated average over the whole surface area 
and variations in coating thickness may exist over the sample surface. Such variation and 
accurate thickness measurements are made during subsequent microscopic analysis of the 
sample cross-section.  
If deposition trials had a time of one hour, deposition rate is assumed to be the 
measured thickness per hour although this neglects any initial nucleation period. Previous 
deposition trials of 15 minutes generated coating thicknesses in accordance with an 
estimated quarter of average deposition rates and as such the nucleation time is considered 
negligible. Deposition trials of two hours also generated deposition rates consistent with 
double those observed over one hour. Calculated deposition rates were used as a system 
response measure during process optimisation to establish a commercially suitable rate and 
processing time. 
 
 Scanning electron microscopy (SEM), energy dispersive X-ray analysis (EDX) 
and etchants 
 
In order to analyse coating properties, as well as correlate the thicknesses calculated 
using the method above, most cross-sections were prepared at the University of Surrey 
using the Struers Accutom-5 fitted with a 30A15 Al2O3 cut-off wheel. These cross- sections 
were then mounted in Bakelite using the Struers CitoPress and subsequently polished using 
the Struers Susp.P/lib method for stainless steels (Struers, 2019) using the Pedomax-2 
grinder/polisher. This method was selected after trialling various Struers ‘recipes’ such as 
those for Ta and CVD coatings. The primary issue with polishing coated substrates can be 
the differential hardness of the layers resulting in preferential removal of material leading to 
polishing defects such as scratches. An example of this could be brittle tantalum carbide 
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(TaC) interfacial components that can also lead to delamination of layers and removal of 
material.  
Prepared cross-sections were analysed using the Jeol JSM-7100F scanning electron 
microscope (SEM) with operating parameters of 15kV and a typical beam current of 8nA at a 
working distance of 10mm to measure: coating thickness, interdiffusion layer (IDL) 
thickness and variation, to evaluate coating conformity and coverage, and identify defects 
such as interfacial voids and porosity. The integrated energy dispersive X-ray (EDX) 
detector on the SEM was used in association with ThermoFisher Scientific Pathfinder 
microanalysis software to establish coating purity and investigate interdiffusion 
characteristics. Elemental analysis took into consideration surface contamination leading to 
carbon content inaccuracies, as well as interaction volume effects on accurate measurement 
across narrow IDLs.  
Comparative and additional cross-section analysis of various samples was also 
conducted at Cranfield University as part of the InTaCT project. The highlight of this work is 
the use of etchants for phase distribution and identification. Typically, tantalum is etched 
using hydrofluoric acid (HF) based solutions. An example of this can be noted in the work of 
Myers et al. (2013) during the analysis of sputtered Ta coating cross-sections. The author 
conversed with the S. Myers to obtain the ‘recipe’ for the etchant used in these studies and 
passed this on to consortium members to try to replicate the optical differentiation of the α 
and β-Ta phases present in deposited coatings. Samples in chapter 5 were etched using 2 
parts HF acid (concentration 40 wt.%), 2 parts nitric acid (concentration 70wt. %), and 5 parts 
deionised water.  
Prepared cross-sections, including a commercial standard for reference, were etched 
using the HF-based solution and examined using optical microscopy with images taken of 
the samples. Etching was replicated using an alternate electrochemical oxalic acid etch 
(concentration 10 wt. %, 6V, 30 s) and similar observations and images documented. 
Preferential distribution effects can be compared and correlated to additional information 
from X-ray diffraction (XRD) and electron backscatter (EBSD) analysis. 
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 X-ray Diffraction (XRD) and tantalum phase content  
 
To identify the Ta phase composition of deposited coatings X-ray diffraction (XRD) 
was employed. Samples were placed in a support bracket 3071/60 in the PANanalytical 
X’Pert Powder at the University of Surrey in standard Bragg-Brentano set-up with Cu Kα 
radiation (λ=1.54060), operating at 45kV and 40mA. PANanalytical data collection software 
was used to define the analysis conditions with measurement time of 1 hour in the 30⁰-80⁰ 
2Θ range where the dominant peaks can be observed for both α and β-Ta phases.  
Generated diffraction patterns for each sample were assessed using PANanalytical 
Highscore software for pattern matching and peak data, with Kα2 peaks and background 
removed, using JCPDS files 00-001-1182 (α-Ta), and 00-025-1280 (β-Ta) for reference (see 
Appendix B, JCPDS-ICDD (2018)). The β-Ta pattern used is based on the Mosely & Seabrook 
(1970) β-U structure model. β-Ta has since undergone subsequent structure refinements (see 
section 2.3), that could alter the peak locations and intensities. For example, the most recent 
suggested refinement observed by Jiang et al. (2005), suggesting the P4̅21m and would 
feature an additional (003) peak between 51-53°. Such refinements could affect the automatic 
and manual peak matching compared to the reference.  
The peak data obtained from the XRD patterns was manually checked to validate 
peak locations for assignment to the corresponding Ta phase. Diffraction plots were created 
of normalised intensity values for overlay and comparison of sample data. Peak lists created 
were used to generate Ta coatings phase composition based on the relationship established 
by Whitman (2000) and Javed, Durrani & Zhu (2015) such that: 
 
𝛽~
𝐼𝛽
(𝐼𝛼 + 𝐼𝛽)
 
Equation 4: Proportion of β-Ta equation based on integrated intensity of diffraction peaks 
 
Iα and Iβ are the integrated intensities of the α and β-Ta phase peaks and the 
assumption is made that all deposited coatings have the same degree of texture and 
preferred orientation (Whitman, 2000). α-Ta typically displays a preference for the (110) 
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peak whilst β-Ta displayed varying preferred orientation between the (410) and (411) peak 
although the above equation was still used.  
An example of this process using a commercial Ta coating on 316 stainless steel 
reference sample with the diffraction pattern obtained (Figure 3-10) compared to the refence 
α and β-Ta patterns is below. It is worth noting that the pattern match list has been 
abbreviated to just the two reference patterns used. The software will match peaks to 
numerous reference patterns. For example, peak no. 2 is also matched by 01-089-5158, 00-
001-1309, 01-089-4901, 00-002-1104 and 00-004-0788 α-Ta reference patterns. 
 
 
 
Figure 3-10: Commercial Ta coating on 316 stainless steel diffraction pattern (top) against standard α (red) and 
β (blue) reference patterns 
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Table 3-2: Commercial Ta coating diffraction peak data 
No. Pos. 
[°2Th.] 
d-spacing 
[Å] 
Height 
[cts] 
Rel. Int. [%] Area 
[cts*°2Th.] 
Matched by  Assigned 
to  
1 37.1843 2.41802 42.97 0.74 3.05 00-025-1280:  β 
2 38.5359 2.33434 5833.91 100 382.37 00-001-1182 α 
3 41.8491 2.15686 24.71 0.42 8.63 
 
β 
4 55.5251 1.65368 881.39 15.11 188.18 00-001-1182 α 
5 67.0807 1.39415 13.21 0.23 5.35 00-025-1280 β 
6 69.6473 1.34891 1184.93 20.31 248.12 00-001-1182 α 
 
Using the assigned peaks from Table 3-2 above, the coating β-Ta phase content is 
calculated using Equation 4 as follows. 
𝛽 =
𝐼𝛽
(𝐼𝛼 + 𝐼𝛽)
 
𝛽 =
(𝑝1 + 𝑝3 + 𝑝5)
(𝑠𝑢𝑚(𝑝1: 𝑝6))
 
𝛽 =
(3.05 + 8.63 + 5.35)
(3.05 + 382.37 + 8.63 + 188.18 + 5.35 + 248.12)
 
𝛽 ≈ 0.025 ≈ 2.5 % 
 
This α-dominant phase content is to be expected from the commercial reference 
sample that states that it is equivalent to bulk Ta. For the samples generated during the trials 
it is anticipated that there may be more variation in this phase content that can be related to 
process parameters.  
Calculations of the α-Ta phase lattice parameter, a, are also in agreement with the 
reference model although indicate slight distortion of the lattice at higher diffraction angles 
with a reduction in a, indicating that there could be residual tensile stresses in the coating 
with an accompanying slight shift in 2θ from the standard pattern. The lattice parameter is 
calculated from the d-spacing (Equation 5). The commercial reference sample serves as an 
immediate comparison for the patterns obtained from experimental samples. 
 
𝑑ℎ𝑘𝑙 =
𝑎
√ℎ2 + 𝑘2 + 𝑙2
 
Equation 5: d-spacing equation 
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Table 3-3: Peak data for commercial tantalum reference coating 
Pos. [°2Θ] d-spacing [Å] Peak match a [Ȧ] 
38.5359 2.33434 α (110) 3.3012 
55.5251 1.65368 α (200) 3.3074 
69.6473 1.34891 α (211) 3.0163 
 
 
Phase proportions generated are also based on an assumption that the coating phase 
composition is uniform through the coating thickness. As X-ray beam intensity theoretically 
decreases exponentially with depth, it would ideally penetrate to an idealised infinite length 
(Liu et al., 2010). Attenuation of the X-ray beam however due to factors such as absorption 
or scattering, means that this intensity is reduced as it travels through the analysis medium. 
This reduction can be expressed through the following relationship: 
 
𝐼 =  𝐼0exp (−𝐴𝑥) 
Equation 6: Linear attenuation relationship 
 
Where:  I - beam intensity 
   I0 - initial beam intensity 
A – linear adsorption coefficient (= mass absorption coefficient x density = µ 
(cm2/gm) x ρ (g/cm2))  
  x – effective penetration depth (cm)    
 
A wealth of resources exists for tabulated data of mass adsorption coefficients, such 
as via NIST (2018), that lists μ for tantalum as 163.9 cm2/g. Material densities such as 16.6 
g/cm2 as an example of tradition bulk-Ta are often known and enables the calculation of 
penetration depths to at which a specified intensity can be detected. A typical example of 
this is the ‘attenuation length’, or ‘mean free path’, that is the depth to which the beam 
intensity has decreased to 1/e of the value at the sample surface. For example: consider a 
tantalum sample with MAC = 163.9 cm2/g and ρ = 16.6 g/cm2. The attenuation length, or 
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effective penetration depth, to obtain approximately 37% of initial beam intensity would be 
calculated using rearrangement of Equation 6 as follows. 
 
𝑥 =  
−𝐿𝑛(𝐼 𝐼0
⁄ )
µ 𝑥 𝜌
 
𝑥 =  
−𝐿𝑛 1 𝑒⁄
µ 𝑥 𝜌
 
𝑥 =  
1
µ 𝑥 𝜌
 
𝑥 =  
1
163.9 𝑥 16.6
 
𝑥 = 3.67 𝑥 10−4 𝑐𝑚 = 3.68 𝜇𝑚 
 
The value for ‘x’ obtained implies that below a depth of 3.7 μm from the sample 
surface the X-ray intensity decreases to < one third of the incident value. The ‘attenuation 
length’ can be easily calculated as demonstrated above as the equation simplifies to produce 
the relationship of x = 1/A. Dependant on the analysis being conducted and analysis 
parameters used, a suitable level for the I value should be selected. Varying the 
requirements for I can produce varying effective penetration depths, for example I = 1 – 99 % 
for Ta would vary between 0.037 – 16.9 μm. It should also be noted that this depth / length 
would also be open to variation depending on the phase content of the analysis depth and 
associated density difference from the bulk-Ta value.  
The obtained diffraction patterns can also provide information relating to residual 
strains/stresses in the coatings from peak shifts, and crystallography and lattice distortions 
through peak splitting and lattice parameter calculations. 
 
 
 Electron backscatter detection (EBSD) 
 
Electron backscatter detection (EBSD) was undertaken by Andy Marshall of the 
University of Surrey and ThermoFisher Scientific using the ThermoFisher Scientific Lumis 
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EBSD detection system operating at typical parameters of 20kV, 12nA, 12.3 – 12.6 mm 
working distance and 10 – 20mS exposure times. EBSD was used in association with JCPDS 
files 00-001-1182 (α-Ta) and 00-025-1280 (β-Ta) for reference. Simulated Kikuchi patterns for 
the α and β-Ta phase are in Figure 3-11 below. These were compared with generated 
Kikuchi patterns that were indexed to produce Euler and phase maps to highlight any 
preferential phase distribution in the provided samples to compare with etched cross-
sections. 
 
   
Figure 3-11: Simulated α-Ta (left), and β-Ta (right), Kikuchi patterns (Marshall, 2018). 
 
The primary issue encountered with this analysis was initial blurring of the β-Ta 
patterns originally associated with poor sample surface, but in fact due to the metastable 
nature and varying bond lengths and angles (Marshall, personal communication 2018). This 
was resolved through using longer exposure times to allow for sufficient data to be 
collected. 
 
 Knoop Hardness (HK) 
 
As part of the optimisation of the deposition process Knoop hardness (HK) was 
selected as a measured response of the system. HK values for the α and β-Ta phases 
demonstrate a magnitude difference in values (see Table 2-2) and were correlated to XRD 
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coating phase content. Knoop microhardness testing was selected as opposed to 
Vickers methods due to the ‘thin’ nature of the deposited coatings and the geometry 
of the indenter being more suited to coatings (Struers, 219). All microhardness 
testing was conducted on prepared mounted cross-sections using the Future-tech 
FM-100 micro hardness tester with a 25gf applied load and a 10 second dwell time at 
the University of Surrey. Three indents were made per sample and indent diagonals 
measured optically as in Figure 3-12 below.  
 
Figure 3-12: Knoop indent measurement 
 
HK values were read from Knoop hardness tables based on correlation 
between the applied load, F (gf), and measured diagonal, d (μm), with an associated 
constant as per ASTM standard E92-17 such that: 
 
𝐻𝐾 = 14229 𝑥 
𝐹(𝑔𝑓)
𝑑𝐾
2
(𝜇𝑚)
 
Equation 7: Knoop hardness equation 
 
Average HK values were calculated based on the three measured values. These 
measurement sets were also repeated for the optimisation screening study and an 
average obtained from the two sets.   
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 Precision Adhesion Testing (PAT) and X-ray Fluorescence (XRF) 
 
Precision adhesion testing (PAT) was conducted at Cranfield University using GM01 6.3 
kN PAT machine based on the pull-off principle with a maximum pulling pressure of 102 
MPa on a 0.52 cm2 dolly. The metal dolly is attached to the samples after ultrasonic cleaning 
in acetone using FM1000 epoxy resin adhesive that is cured at 190°C and 0.3 MPa for 2 
hours. After the pull-off test the surface of the sample and the dolly in inspected visually to 
observe any material transfer and photographed. Samples were also scanned using a Fisher 
XDL-Z X-ray fluorescence (XRF) spectrometer to detect tantalum. 
In addition to sample scanning post-pull-off, XRF was also used for coating thickness 
measurement on allowable samples within the ≈ ≤10 μm thickness limitation of the 
technique. This value is determined by Equation 6 as the ‘infinite thickness’ of the coating 
such >90% of the incident radiation is absorbed.  
Longer bar samples were scanned along the length to assess thickness reduction and 
potential reagent precursor through the chamber. Alternate samples were also scanned 
radially around imposed support holes to asses coating variation around such defects. Such 
defects and the ability to coat holes and internal surfaces for complete coverage is essential 
for use in chemical process environments where any ingress of the corrosive media can 
cause failure of the coating-substrate interface and the underlying substrate material.  
 
 Differential Scanning Calorimetry (DSC) and Thermogravimetric analysis 
(TGA) 
 
To correlate phase transformation and temperature with post-deposition heat 
treatments and XRD phase composition analysis, differential scanning calorimetry (DSC) 
combined with thermogravimetric analysis (TGA) was used from room temperature to 100-
1200°C (range of reported β→α transformation temperatures) at a ramp rate of 10°C/minute 
under nitrogen. The University of Surrey DSC is part of a combined simultaneous DSC and 
thermogravimetric analysis apparatus (TA instruments SDT Q600), that enables mass and 
enthalpy changes to be recorded and plotted on produced graphs as function of analysis 
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time. Samples used were deposited Ta chamber residues, and foils deposited on graphite 
chamber furniture that had been previously analysed using XRD to determine phase content 
prior to heating and then subsequently cut into sections between 30-50 mg to suitably fill the 
test pan. 
The only example found of a comparative study is Knepper (2007) who used DSC to 
identify the βα transformation in a 400 nm sputtered β-Ta coating on a (100) silicon wafer 
through an exothermic peak at a temperature of approximately 409-410°C (see Figure 3-13).  
 
 
Figure 3-13: DSC scan of 400 nm sputtered tantalum film between 404-416°C showing exothermic β→α Ta 
transition peak (Knepper, 2007) 
 
The generated data can also be used to identify energy changes that could identify 
phase transformation within the material and kinetic parameters relating to the 
transformation process.  
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 Three-point bend test and acoustic emission 
 
An A105 blanking flange provided by the IEU was machined into 21.2 x 2.2 x 0.6 cm 
sections for three-point bend testing at Cranfield University. Samples were coated by the 
author using the large-scaled deposition system and varying process parameters. The test 
arrangement at Cranfield University (Figure 3-14) featured an Instron 5500R/6025 100 kN 
tensile test machine conducting a compression test on an uncoated sample. Strain gauges 
were placed at the point of maximum extension and the strain measured for correlation to 
the applied load to establish the applied strain needed for subsequent C-ring stress 
corrosion testing. Acoustic emission was also used to detect cracking in the sample in 
addition to visual determination of coating failure and the applied sensors can be seen in 
Figure 3-14 below. 
 
  
Figure 3-14: Three-point bend test set up (with permission from Cranfield University) 
 
 Hydrochloric acid immersion testing 
 
All corrosion testing of coated samples was conducted at Cranfield University. 
Corrosion testing was conducted using 37% conc. hydrochloric acid (HCl) at both room 
temperature and 80°C, heated via a water bath. This is a temperature and concentration at 
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which solid Ta would be expected to be immune to corrosion. Figure 3-15 shows the 
corrosion test set-up installed in a fume cupboard at the University. 
 
 
Figure 3-15: Corrosion test set up (with permission from Cranfield University) 
 
Tested samples where weighed pre- and post-exposure after a set immersion time. 
Particularly during early trials where failure was observed, the set time was not always 
reached as solution discolouration and/or bubbling of the system could be observed. 
Samples were also visually examined and photographed as needed such that observational 
comments regarding noticeable corrosion could be made.  
For samples that did exhibit a mass change, average corrosion rates were calculated 
as per ASTM standard G31 – Laboratory Immersion Corrosion Testing of Materials (ASTM, 
2015) such that: 
 
𝐶𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 =
(𝐾 𝑥 𝑊)
(𝐷 𝑥 𝐴 𝑥 𝑇)
 
Equation 8: Corrosion rate  
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Where:  K – constant based on required rate units 
  W – mass loss (g)  A – surface area (cm2) 
  D – density (g/cm3)  T – exposure time (hr) 
 
Corrosion rates were calculated in millimetres per year (mm/yr) and mil (1000th inch) 
per year (MPY) for comparison with industry standard data, requiring K values of 8.76 x 104 
and 3.45 x 106 respectively.  Where necessary, corrosion rates were converted between units 
whereby 1 MPY = 0.0254 mm/yr and 1 mm/yr = 39.4 MPY. 
Equation 8 assumes generalised corrosion of the sample over the entire surface area 
and all corrosion rates are calculated are an averaged value that may not be entirely 
representative of the corrosion observed.  In reality, highlight localised corrosion was 
observed the damage seen in in 6.3.3 Figure 6-11 during C-ring testing for SCC as described 
in section 2.4.4. Localised corrosion such as pitting, can be evaluated through microscopic, 
electrochemical, and polarisation methods such as those laid out in ASTM standards G46-94, 
G150 and G61. Further analysis of the types of corrosion observed, sectioning of corrosion 
damage for sub-surface analysis and pit measurement, and how they may be quantified is 
an area of future work.  
 
 C-ring stress-corrosion test 
 
The same test set up shown in Figure 3-15 was used by Cranfield University for C-ring 
stress corrosion testing of samples machined from A106b pipe sections provided by the IEU. 
The C-rings were coated by the author in the large-scale deposition system with a variation 
of processes and heat treatments to investigate the process effect on the corrosion 
performance. Prior to the corrosion testing, strain gauges were attached to the C-rings and a 
torque applied using Ta bolts and washers. The applied force was calculated as a percentage 
of the yield stress measured from the three-point bend tests. The strain was recorded, and 
slip discs used to measure the gap as a function of the applied torque for ease of future 
sample preparation.  
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As prepared coated C-rings underwent room temperature HCl immersion in the set 
up in Figure 3-15 for between 1 and 73 hours, and then in 80°C HCl for up to 31 hours. 
Tested samples were then observationally analysed and visual corrosion defects 
photographed. Generalised corrosion rates were calculated using Equation 8, and all results 
tabulated and related to the CVD process used. This data, and all data and analysis on the 
corrosion testing can be found in chapter 6. 
 
3.6 Concluding remarks  
 
As detailed above, the project has employed a wide variety of techniques to understand 
the microstructure, phase content, purity, mechanical and corrosion resistant properties of 
the deposited Ta CVD coatings. The characterisation techniques are the central node that 
draws together the process, properties and performance of the Ta coatings. 
The fundamental Ta CVD process has been outlined, and the two varying pilot and 
large-scale systems on which it was developed described. The design process employed in 
developing the new large-scale system incorporated finite element analysis to impart 
understanding of deposition chamber heat and gas flows. This, and added variability of 
process pressure, has produced a multi-purpose commercial scale hot-wall CVD system 
capable of depositing a wide range or refractory metal and ultra-high ceramic materials. 
The subsequent chapters first look at the process optimisation using sequential design 
of experiments techniques on the original pilot system. Responses of the process are 
analysed using some of the characterisation tools detailed above to tailor the process 
towards desired coating properties. The ‘optimal’ process suggested, and additional 
techniques, are then carried forward to further investigate the process and substrate 
relationship to the properties and corrosion performance of the materials. All three of these 
factors combining the preceding materials and methods, are connected to producing the 
desired technological solution.
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4 Process optimisation using sequential, hybrid, multi-
response statistical design of experiments 
 
4.1 Introduction 
 
Modern processing technologies require the advent of efficient and economical processes 
with controllable microstructure and properties. Coatings typically require a performance 
that is understood to be of benefit over the underlying substrate material for the intended 
application. For some technologies, such as chemical vapour deposition (CVD), in-depth 
understanding of the actual process is still lacking. Processes are developed with a 
multitude of deposition parameters based upon historical data or that are gathered through 
trial and error or one-factor-at-a-time (OFAT) experiments. Such experimental approaches 
are inefficient and economically prohibitive. As such, the optimisation of such processes 
generally takes a ‘best guess’ approach with commercial sensitivity around the specific 
‘recipes’ individual organisation developed for specific deposition processes.  
The initial phase of the project aimed to optimise process parameters for the tantalum 
(Ta) atmospheric pressure chemical vapour deposition (APCVD) process on 316 stainless 
steel substrates for use as internal coatings for corrosion resistance. For such service 
environments, alpha (α) phase Ta is the desired composition of the coatings that is most 
similar to bulk Ta, and offers ductility compared to the alternate beta (β) phase. Previous 
coatings produced during trial and error experiments exhibited varying phase composition 
and as such, a theoretical model of the system based on experimental values would be 
highly advantageous to enable suggestion of process parameter combinations to produce 
coatings with the desired phase and other properties.  
The existing pilot process was based on literature values for deposition parameters with 
only minimal OFAT experiments conducted. The move away from this approach is enabled 
through the implementation of statistical design of experiments (DOE) methodologies. A 
sequentially integrated statistical DOE approach is adopted employing both Taguchi and 
response surface (RSM) methodologies to both identify and refine the significant process 
parameters. These methodologies, their fundamental characteristics, and the benefits offered 
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to CVD process refinement were described in chapter 2. This is a step change from the 
previous methods employed by the sponsor organisation in process refinement and is more 
suited to model development on experimental data as opposed to purely theoretical models. 
For CVD processes, theoretical modelling is complex due to both the lack in understanding 
of actual reaction dynamics, and the expense and training required for modelling techniques 
such as COMSOL software. The integrated DOE approach developed offers an alternate, 
experimentally based approach that is both efficient and economical. 
 
4.2 Process optimisation experimental design 
 
 Overview 
 
The iterative hybrid methodology employed can be broken down into a series of steps 
that will be outlined through the subsequent sections, and form the flow diagram in Figure 
4-1 below. Firstly, it is necessary to look at the ‘system’ and identify through methods such 
as a cause and effect diagram, the parameters or ‘factors’ as well as uncontrollable noise 
parameters that can affect the desired ‘responses’ of the system. From this, one can start to 
form the Taguchi screening study experimental design based on the number and types of 
factors selected for investigation. The results of this study, having undergone some 
validation trials, are used to develop the RSM design for subsequent multi-response 
optimisation.  
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Define the problem, select process factors and 
levels, identify noise factors and desired 
responses of system
Taguchi screening experiment:
• Select orthogonal array
• Conduct experiments
• Measure response criteria
• Analyse results; S/N ratios
• Determine optimum parameter levels 
• Conduct confirmation experiments
Optimum factor levels for CCD 
central points from TM,
RSM optimisation:
• CCD central points from TM and define  
+/-1 and +/-α 
• Define experimental array
• Conduct experiments and measure 
responses
• Develop response surface models
• Analyse results; ANOVA, lack of fit
• Obtain model
• Compare predicted and actual values
Models adequate for 
desired response?
Confirmation experiment of 
optimum factor levels
Optimum desirability analysis 
to identify combined factor 
levels to give optimum across 
the system responses
 
Figure 4-1: TM-RSM hybrid DOE flow chart 
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 Process evaluation, factors and system responses 
 
The process and deposition equipment as described in chapter 3,  were used to 
define the cause and effect diagram shown in Figure 4-2 to identify categories of process 
variables such as temperatures, gas flows, substrates and general system variables that could 
affect the deposited coatings generated.  
 
 
Figure 4-2: Ta APCVD cause and effect diagram 
 
Looking at the cause and effect diagram in Figure 4-2, there are numerous parameters 
that can impact the resulting Ta coatings. For the statistical methods employed, it is 
necessary to categorise these parameters as factors (those to be altered and controlled), and 
noise/uncontrollable variables. Considering the factors first, for the Taguchi screening study 
six factors are identified for variation and investigation as detailed below with how they 
were assessed. 
 
 Surface finish - either in the as delivered polished finish, or grit-blasted with 
aluminium oxide to create a ‘roughened’ surface.  
 Deposition temperature - in °C as the furnace temperature set-point 
 H2 flow – in SLM from mass flow controller set point 
 Cl2 flow – in SLM from mass flow controller set point 
 Ar carrier gas flow – in SLM from mass flow controller set point 
 Position – in cm measured vertically in the reaction chamber from gas inlet 
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These identified factors can be altered in distinct, discrete values and controlled within 
the system. The factors are designed to be of mixed levels, with surface finish having two 
levels and the remainder having three. The surface finish is to be either polished as 
delivered or rough as grit-blasted with alumina. The remaining factors are given a central 
value based on the previously established process and then a lower and higher value. The 
factor levels can be seen below in Table 4-1. 
 
Table 4-1: Taguchi screening factors and levels 
Levels 1 2 3 
Surface finish Polished Rough  
Deposition temp 825 875 925 
H2 flow 2.5 3.75 5 
Cl2 0.2 0.4 0.6 
Ar flow 0.5 0.7 0.9 
Position 5 10 15 
 
 
 
Noise/uncontrollable factors for the screening study are identified as follows: 
 
 Mass flow controller calibration: the instruments can degrade over time such that there 
is a variation between the set point given and the real flow. A measure has been 
made before and after the Taguchi trials to establish the extent of this degradation 
and define the set points to be given during deposition trials as a function of the 
factor level. 
 
 Ta content within the chlorinator: per deposition trial a certain amount of the Ta scrap 
content within reacts to form the desired TaCl5 precursor and is used. It is unknown 
how this reduction in content may affect the precursor generation but to minimise its 
effect the Ta is refreshed with new Ta periodically.  
 
 Pressure: although the system is run under atmospheric pressure, there may be some 
slight variation in the actual deposition chamber pressure that may impact the gas 
flows within. There is currently no way of measuring this. 
 
 Sample cleanliness: all samples were prepared for deposition by ultrasonic cleaning in 
acetone and then water and handled using nitrile gloves. Whilst the same method 
was used for each sample, there may have been varying contamination during 
attachment to the hanging support, transport to, and insertion in, the deposition 
chamber. The system is run under an inert Argon atmosphere and purged for 2-3 
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hours during heating prior to deposition so surface contaminants that may affect 
phase nucleation such as oxygen are removed from the system as much as possible. 
 
 Horizontal position within the deposition chamber: all sample hanging supports are 
positioned in a central position on the internal support jigging directly in line with 
the gas inlet. Due to the nature of how the samples are loaded, there is the possibility 
that a variation of +/-1mm either side of this central position may have been apparent 
during each trial run. 
 
As the features of the system listed above cannot be defined as distinct variables and 
measured, they are chosen to be defined as uncontrollable rather than ‘noise’ as traditionally 
dictated in Taguchi methodology that could require the use of an outer array and an 
increased number of trial runs. Such an approach is not selected in this study as control 
measures were not in place to be able to assign values and for expedient experimental 
stages. In RSM, it is also possible to include ‘blocking’ of experimental sets whereby regions 
of consistent noise can be identified.  
The remaining deposition parameter to be considered is time, chosen for the 
experiment trials as 1 hour, measured from the switch on/off of the chlorine reactant gas 
supply and measured by stopwatch for consistency. 
Having considered the process variables, the responses of the system to be measured 
were defined as follows. The parameters are selected such that they are indicative of the 
required properties and of the Ta coatings, and that they have a quantifiable value that can 
be used for subsequent statistical analysis. 
 
 Deposition rate: For commercial applications, the deposition rate is required to be as 
high and reproducible as possible to produce the desired coating properties. 
Deposition rate is estimated as a function of the estimated average coating thickness 
(from mass change method) per hour. 
 
 β phase content: The phase composition of the Ta coatings would be analysed through 
integrated intensity ratios of α and β phase peaks obtained during X-ray diffraction 
analysis. For the coating application under consideration here, α phase Ta is the 
preferred composition of the coatings, so conversely the lowest values of this 
response are desired. 
 
 Knoop hardness: The two Ta phases show a marked difference in hardness, and this 
can provide correlating data to the XRD results for assessing phase composition. 
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Whilst the responses above can be measured quantitatively, they are not the only 
things to consider regarding the quality of the deposited coatings. Qualitative assessment of 
the coatings was also made with consideration given to factors such as coverage and 
uniformity, adhesion, density of the coatings and interfacial effects such as porosity and 
voids that have been observed in previous coatings trials. 
 
 Hybrid sequential experimental design 
 
4.2.3.1 Overview 
 
Once the initial factors, their levels, and the responses to be measured, are identified, 
it is then possible to construct the experimental designs. From the flow diagram in Figure 
4-1 the Taguchi screening study was first generated and conducted. The optimal results of 
this then form the zero levels for the subsequent RSM study based on a reduced set of 
factors if any are demonstrated to be statistically insignificant and eliminated from the 
study. 
 
4.2.3.2 Taguchi screening study 
 
The Taguchi design was established through selection of the L18 design for 6 mixed 
qualitative and quantitative 2 and 3 level factors as per  
Table 4-3. The selected factors and their levels were entered into the Minitab18©  
design to set the experimental array that could be displayed in either coded or uncoded 
units. Coded units are primarily used in the presented tables due to commercial sensitivity 
regarding the developed process. 
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Table 4-2: Taguchi screening study coded factor and levels 
Levels    
Surface finish 1 2  
Deposition temp 1 2 3 
H2 flow 1 2 3 
Cl2 1 2 3 
Ar flow 1 2 3 
Position 1 2 3 
 
Table 4-3: L18 orthogonal array in coded values 
Trial no. Factor and level 
 Surface 
Deposition 
temp. 
H2 flow Cl2 flow 
Ar 
flow 
Position 
1 1 1 1 1 1 1 
2 1 1 2 2 2 2 
3 1 1 3 3 3 3 
4 1 2 1 1 2 2 
5 1 2 2 2 3 3 
6 1 2 3 3 1 1 
7 1 3 1 2 1 3 
8 1 3 2 3 2 1 
9 1 3 3 1 3 2 
10 2 1 1 3 3 2 
11 2 1 2 1 1 3 
12 2 1 3 2 2 1 
13 2 2 1 2 3 1 
14 2 2 2 3 1 2 
15 2 2 3 1 2 3 
16 2 3 1 3 2 3 
17 2 3 2 1 3 1 
18 2 3 3 2 1 2 
 
To mitigate the noise effects from having a consistent impact on the measured 
responses, the experimental array is randomised using an integrated Minitab18© function to 
produce the actual experimental order conducted in Table 4-4 below. 
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Table 4-4: Randomised L18 array 
Trial 
no. 
Factor and level 
 Surface 
Deposition 
temp. 
H2 
flow 
Cl2 flow 
Ar 
flow 
Position 
16 1 3 1 3 2 3 
5 2 2 2 2 3 3 
18 1 3 3 2 1 2 
17 1 3 2 1 3 1 
4 2 2 1 1 2 2 
15 1 2 3 1 2 3 
13 1 2 1 2 3 1 
8 2 3 2 3 2 1 
11 1 1 2 1 1 3 
6 2 2 3 3 1 1 
12 1 1 3 2 2 1 
9 2 3 3 1 3 2 
1 2 1 1 1 1 1 
2 2 1 2 2 2 2 
10 1 1 1 3 3 2 
7 2 3 1 2 1 3 
3 2 1 3 3 3 3 
14 1 2 2 3 1 2 
 
Having obtained values for the responses via the methods outlined in chapter 3, 
Minitab 18© software was employed for statistical analysis to provide the signal-to-noise 
(S/N) ratios and mean data to generate optimum factor levels. The selected ratios for each 
response were as follows with associated S/N relationships as outlined in chapter 2. 
 
 Deposition rate: ‘larger-the-better’ as the highest possible reproducible and 
consistent rate is desired for commercial applications. 
 
 Phase content: ‘smaller-the-better’ for the application in question in this study, as α-
Ta coatings are desired. However alternate future applications could desire β 
dominant coatings, so the analysis could be reversed to generate coatings with the 
‘larger-the-better’ β phase content 
 
 Knoop hardness: ‘smaller-the-better’, as above with smaller Knoop hardness values 
being indicative of α-Ta phase coatings 
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Analysis of variance (ANOVA) was conducted for each response to identify the 
statistical significance of each factor through the P-values and percentage contributions 
calculated using Equation 1 in section 2.5.3 such that those that were not significant could be 
excluded from the next phase of trials. Comment can be made regarding how the generated 
theoretical model fits the experimental data through residual errors and R2 values. Errors in 
the model can be explained through potential noise/uncontrollable factor effects as well as 
interaction effects between factors that are not accounted for in the Taguchi model. To give 
an indication of factor interactions, interaction plots are generated that show parallel lines 
when factors do not interact, and nonparallel lines when they do interact, with increasing 
gradients indicating increasing interactions.  
The generated theoretical process model was then used to identify the predicted 
response based on the factor levels at each experimental trial for comparison to actual 
results. Predictions were also made of system responses at the identified optimum values. 
Predicted values may not be attainable in practice due to the lack of fit observed in the 
model. 
The optimum factor levels for each response are based upon selection of the highest 
S/N ratio value of that factor to indicate minimum variance at the highest attainable mean 
value based on the selected S/N ratio. Consideration of optimum values for the factor levels 
across all responses were used to determine the central points for the next phase in the 
optimisation process. A trade-off based on the author’s experience and applied desirability 
ranking of the responses was used to identify optimum levels where a preferential 
difference was observed across the responses with each being optimised separately at this 
screening stage. The values of the optimum levels for each significant figure was then 
carried forward into the subsequent RSM optimisation study detailed below.  
 
4.2.3.3 Validation trials 
 
Validation trials of the suggested optimum factor levels were conducted to indicate 
the variance between the model, and actual results. Four tests were conducted to examine 
the reproducibility and consistency of the response at those factor levels. 
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4.2.3.4 Response Surface optimisation 
 
The optimum values for the selected factors identified from the screening study will be 
used as the central points (‘0’) for a central composite design (CCD) (see section 2.5.4) as per 
Table 4-5. These centre points were then expanded to levels of +/- 1 and +/- α. With k=5 from 
the screening study, a single block half fractional factorial design (25-1), was implemented 
that reduced the number of trial runs from 52 to 32 with 16 cube point trials, 10 axial point 
trials and 6 centre point trial repeats (see Table 10 and Table 11). Design space α values are 
reduced from α=(2k)1/4 to α=(2k-1)1/4=2 using the half-factorial design, and the potential 
optimum factor values can lie anywhere in this region. The half fractional resolution V 
designs allow for reduced experimental trials, but still maintain the ability to estimate mean 
effects, and both two and three-way interaction effects. As with the Taguchi study, the order 
of the experimental trials was randomised to mitigate noise and uncontrollable factor affects, 
and this is shown in the results table in subsequent sections. 
 
Table 4-5: RSM CCD design space  
Levels      
Deposition temp. -α -1 0 +1 +α 
H2 flow -α -1 0 +1 +α 
Cl2 -α -1 0 +1 +α 
Ar flow -α -1 0 +1 +α 
Position -α -1 0 +1 +α 
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Table 4-6: RSM CCD experimental design 
Trial no. Factors and levels 
 Deposition temp. H2 flow Cl2 flow Ar Position 
1 -1 -1 -1 -1 1 
2 1 -1 -1 -1 -1 
3 -1 1 -1 -1 -1 
4 1 1 -1 -1 1 
5 -1 -1 1 -1 -1 
6 1 -1 1 -1 1 
7 -1 1 1 -1 1 
8 1 1 1 -1 -1 
9 -1 -1 -1 1 -1 
10 1 -1 -1 1 1 
11 -1 1 -1 1 1 
12 1 1 -1 1 -1 
13 -1 -1 1 1 1 
14 1 -1 1 1 -1 
15 -1 1 1 1 -1 
16 1 1 1 1 1 
17 -α 0 0 0 0 
18 α 0 0 0 0 
19 0 - α 0 0 0 
20 0 α 0 0 0 
21 0 0 - α 0 0 
22 0 0 α 0 0 
23 0 0 0 - α 0 
24 0 0 0 α 0 
25 0 0 0 0 - α 
26 0 0 0 0 α 
27 0 0 0 0 0 
28 0 0 0 0 0 
29 0 0 0 0 0 
30 0 0 0 0 0 
31 0 0 0 0 0 
32 0 0 0 0 0 
 
Responses for the system were the same as for the Taguchi study and will be 
measured using the same characterisation techniques outlined above. All response data was 
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analysed using the Minitab 18© software. RSM analytical tools were used to fit responses to a 
second order regression model that was assessed in the same way as the Taguchi process 
and used for prediction of system behaviour. Pareto charts were used to indicate the effect of 
model terms on output and which are statistically significant as well as through the model 
coefficient P-values and PC values. Interaction and main effect plots are generated to 
visualise both the singular and combined effect of factor levels on each response.  
Regression equations for responses were used to compare the experimental and 
theoretical results and assess model fit in relation to R-Sq values. ANOVA tables identified 
significant factors and interaction effects through P-values ≤0.05, Pareto charts, and 
percentage contribution data. Interaction and factor effects were assessed using surface and 
contour plots. The theoretical process models generated were also used to visualise system 
responses based on different factor combinations and levels through the generation of 
contour and surface plots with the latter allowing a three-dimensional view of how the 
response varies over the selected design space. There are limitations with these plots 
however, in that they cannot display the entire model and all factors at once. 
The RSM analysis allows for the optimisation of multiple variables at once using 
overlaid contour plots, indicating areas whereby the design characteristic for each response 
is met as a function of two factors, and through the response optimiser. Optimisation of 
multiple responses simultaneously, a benefit of the RSM methodology, was conducted to 
identify optimal process conditions for desired coating properties. All responses were given 
even weighting and set to either target, maximise, or minimise the predicted value based on 
the model. Comparison is made between these optimal factor conditions as opposed to the 
initial Taguchi screening phase. Comparison is also drawn between the two stages as a 
measure of the adequacy of the methodology. This is done through comparison of statistical 
significance and R-Sq(adj) values as a measure of model fit allowing for the variation in data 
set size.  
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 Summary 
 
Evaluation of the Ta CVD process and deposition equipment enabled the assignment of 
factors and levels for investigation through the sequential Taguchi and RSM experimental 
phases outlined above. The necessary practical trials for the study total 54. This is 
significantly less than would be required for a full factorial study. For example, the RSM 
study alone to investigate 5 factors at 5 levels would require 3125 practical trials to test every 
possible combination. Such lengthy programmes are not feasible for processes that can at 
best be run on a daily basis, not accounting for any issues encountered, machine or 
personnel downtime.  
As well as offering a comparatively expedient alternative that also has economic benefits 
for materials and personnel costs, the programme of work instigated in this study can enable 
direct visualisation and correlation of how the process parameters impact the response 
characteristic. Through the generation of empirically based theoretical models, a predictive 
capability can be established to shift towards a deposition process that can be tailored to 
provide coatings with desired properties. The success of the study in doing this is 
considered in the conclusion of this chapter after presentation of each stage, the responses 
obtained, the statistical analysis, and discussion of the pertinent results and observed 
behaviours in the proceeding sections. 
 
4.3 Taguchi screening study 
 
 Introduction 
 
Based on the factors, levels and orthogonal array presented in section.4.2, 18 
experimental trials were conducted using the established process parameter combinations. 
The measured response values obtained for each sample generated from these trials are 
presented. This is followed by the resulting statistical analysis conducted, and generation of 
suggested optimal factor levels for each response. A trade-off is then conducted to suggest 
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the combination of these levels that is most suited to be carried forward for subsequent RSM 
optimisation. 
 
 Experimental results 
 
4.3.2.1 Overview 
 
Table 4-7 below summarises all the measured responses recorded for each 
combination of factor levels defined by the randomised Taguchi experimental design. 
Additional observations as to the coating quality are presented in Appendix C. Each 
measured response, much like the Taguchi method, is then looked at individually, prior to 
statistical analysis. 
 
Table 4-7: Taguchi screening study results 
Trial 
no. 
Factor and level  Response 
 Surface 
Deposition 
temp. 
H2 
flow 
Cl2 
flow 
Ar 
flow 
Position  
Deposition 
rate  
(μm/hr) 
Proportion 
β phase 
(%β) 
Knoop 
hardness 
(HK) 
16 1 3 1 3 2 3  20.1 81.9 1095 
5 2 2 2 2 3 3  19.5 93.1 1264 
18 1 3 3 2 1 2  36.7 90.8 1409 
17 1 3 2 1 3 1  0.7 69.1 - 
4 2 2 1 1 2 2  10.3 75.4 1008 
15 1 2 3 1 2 3  30.2 51.2 196 
13 1 2 1 2 3 1  24.3 75.6 1252 
8 2 3 2 3 2 1  32.6 5.7 390 
11 1 1 2 1 1 3  16.7 83.6 770 
6 2 2 3 3 1 1  24.8 5.1 336 
12 1 1 3 2 2 1  15.7 55.2 341 
9 2 3 3 1 3 2  1.6 72 - 
1 2 1 1 1 1 1  19.7 77.1 534 
2 2 1 2 2 2 2  20.7 50.4 264 
10 1 1 1 3 3 2  16.8 30.4 255 
7 2 3 1 2 1 3  15.8 25 469 
3 2 1 3 3 3 3  23.3 18.5 229 
14 1 2 2 3 1 2  19.2 7.1 258 
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4.3.2.2 Deposition rate  
 
 The achieved deposition rate varied between 0.7 and 32.6 μm/h, based on 
estimated thicknesses calculated via the mass-change method in 3.5.2. Cross-section 
measurements made were in the approximate range of +/- 10% of these values. Figure 4-3 
below, for sample 1, has a measured thickness value of 19.2 μm, and it had an average of 
19.75 μm over the cross-section in close agreement with the calculated value of 19.65 μm. 
 
 
Figure 4-3: Taguchi screening study sample 1 measured Ta coating cross-section 
 
For all samples, the estimated thicknesses were compared to measured cross-sections 
as per Figure 4-3, and these variations are tabulated in Table 4-8 below, along with visible 
interdiffusion layer (IDL) thickness measurements at the coating-substrate interface. 
 
 
 
 
10μm 
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Table 4-8: Taguchi sample thickness measurements 
Sample Face 1 
(µm) 
Face 2 
(µm) 
IDL 1 
(nm) 
IDL 2 
(nm) 
Av.  
thickness 
(µm) 
Calculated 
thickness 
(µm) 
Variation 
(µm) 
Variation 
% 
1 17.5 22 100 250 19.8 19.7 -0.1 0.5 
2 19 16.5 100 100 17.8 20.7 2.9 1.4 
3 30 15-17 100 <100 23.0 23.4 0.4 1.7 
4 6-7 10 <100 100 8.3 10.3 2.0 19.9 
5 15.8 24 100 100 19.9 19.5 -0.4 2.3 
6 22 23.4 170-
220 
170 22.7 24.8 2.1 8.6 
7 7 10-12 300  9.0 15.8 6.8 43.0 
8 32-34 38 300 250 35.5 32.6 -2.9 8.9 
9 1.8 0.6-2.4 300-
500 
600 1.7 1.6 -0.1 6.5 
10 13-14 22 170 <100 17.8 16.8 -1.0 5.7 
11 15-16 8-17 100 100 14.0 16.7 2.7 16.1 
12 15-22 16   17.3 15.7 -1.6 9.8 
13 24-26 21-33 300 430 26.0 24.0 -1.7 7.1 
14 16-23 19-23 200 150-
270 
20.3 19.2 -1.1 5.4 
17 30-31 17-35 300 200-
400 
28.3 30.2 1.9 6.3 
16 11-28 13-20 300 250 18.0 20.1 2.1 11.0 
17 1-2.7 1-1.5 1.8 1 1.6 0.7 -0.9 121 
18 18-23 73-80 330-
450 
600 48.3 36.7 -11.6 31.5 
 
Measured versus calculated coating thicknesses vary predominantly within the +/- 
10%. Larger percentage variations occur for the thinner coatings with smaller micrometre 
fluctuations observed. As with the mass change method that involves an assumption as to 
uniformity over the entire sample, Table 4-8 has involved similar assumptions where 
variation is seen along the sample face such as samples 13, 17 and 18 with fluctuations of up 
to 18 µm observed. Other samples, such as sample 1 in Figure 4-3 above, show greater 
uniformity across the coatings cross-sections, and closely agree with calculated values with 
an average variance of 0.5%.  There are also significant fluctuations between the faces of the 
samples by as much as ≈ 55 µm for sample 18. These fluctuations and the non-uniform 
deposition observed, are attributed to the reducing H2 inlet being nonconcentric. 
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From the cross-section SEM analysis conducted it can also be noted that across the 
sample set the interdiffusion layer was generally in the range of 100 – 600 nm (see Table 4-8). 
A narrow interdiffusion layer is anticipated for Ta coatings on stainless steel samples that 
would not exhibit detrimental adhesion properties. Selected coatings did display notable 
porosity at the interface that would not be anticipated for low carbon containing substrates. 
During trials with varying Cl2 flow it is possible that efficiency of conversion to the chloride 
varied and the reactant gas was carried over into the deposition chamber that caused 
corrosion of the substrate prior to the Ta coating nucleating on the surface.  
 
4.3.2.3 Beta phase content 
 
β-Ta phase content ranged from ≈ 5 – 92 %. Selected normalised diffraction 
patterns (Figure 4-4) highlight the variation between α-dominant (sample 6), β-
dominant (sample 18), and mixed phase (sample 12), composition of the deposited 
coatings. A stacked plot of diffraction patterns for all samples can be found in 
Appendix C. 
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Figure 4-4: Selected Taguchi screening sample diffraction patterns between 30-80° (2θ) showing mixed phase 
(top), β-dominant (middle), and α-dominant (bottom) coatings relative to reference patterns 
 
Selected diffraction patterns such as for sample 6 below (Figure 4-5), are presented to 
demonstrate the phase content calculation and to make additional observation regarding the 
deposited coatings. 
a 
2θ 
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Figure 4-5: Taguchi sample 6 diffraction pattern between 30-80° 2θ 
 
In the pattern for sample 6 above, the three dominant α-Ta peaks can clearly be seen in 
expected 2θ locations of approximately 38.5°, 55.6°, and 69.7°, however there is another clear 
peak at 34.2⁰ that corresponds to the β-T phase and some other minor β-Ta peaks. Peak 4 
and 5 for this pattern in Table 4-9 is a peak split observed at the α (110) location that was not 
observed in any other samples. 
 
Table 4-9: Taguchi screening study Sample 6 peak list 
No. Pos. [°2Th.] 
d-spacing 
[Å] 
Height 
[cts] Rel. Int. [%] 
Area 
[cts*°2Th.] Peak match 
1 31.8911 2.80623 57.43 0.35 1.75 β (103) 
2 34.2174 2.62059 863.49 5.29 56.51 β (002) 
3 37.1916 2.41757 147.77 0.91 12.23 β (330) 
4 38.5045 2.33617 16322.67 100 328.92 α (110) 
5 38.6097 2.33197 14711.57 90.13 315.56 α (110) 
6 41.9167 2.15533 93.58 0.57 9.93 β (331) 
7 53.6099 1.70957 21.47 0.13 4.31 
Not 
matched 
8 55.5658 1.65257 2532.91 15.52 396.85 α (200) 
9 60.2468 1.53488 13 0.08 9.57 β (541) 
10 69.6188 1.34939 2326.93 14.26 568.25 α (211) 
11 71.8051 1.31359 99.75 0.61 57.2 
Not 
matched 
 
Position [°2Theta] (Copper (Cu))
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20000
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Peak splitting in XRD patterns can often be explained due to the Cu Kα1 and Kα2 
radiation that result in diffraction peaks separated by a small shift to higher 2θ with the 
relative intensities 100:50 %. This is not observed in the peak split recorded that had relative 
intensities of 100:90%, and due to the analytical software being used to strip the Kα2 peaks. 
Instead, the peak split observed is most likely due to reduction of symmetry and distortion 
of the lattice with possible transition between the cubic-tetragonal Ta phase. This could 
suggest that either the α lattice is being distorted by the residual β phase, or that these are 
residual effects of the β→α transition that has not been fully completed.  
Distortions in the lattice parameter are not evident when the lattice parameters are 
calculated for the cubic phase (see Table 4-10 below). 
 
Table 4-10: Taguchi screening study Sample 6 lattice parameter 
Pos. [°2Th.] d-spacing [Å] Peak match a [Ȧ] 
38.5045 2.33617 α (110) 3.3038 
38.6097 2.33197 α (110) 3.2979 
55.5251 1.65257 α (200) 3.3051 
69.6473 1.34939 α (211) 3.3053 
 
 
The α phase lattice parameter, a, closely matches the ICDD standard model. No 
increase is observed as would often be associated with a shift to lower peak angles indicative 
of compressive stress. The (211) peak shows a reduced intensity compared to the standard 
suggesting preferred orientation along the (110) plane and shows peak broadening relating 
to the decreased crystallite size and any microstrain and defects in the crystal structure. 
The β phase lattice parameter can be estimated from the data to suggest that a=b=7.16 
(Ȧ) and c= 5.24 (Ȧ). The value for c agrees with the value from the standard pattern although 
the a=b length is reduced, suggesting a smaller unit volume than standard. This again is 
potentially due to incomplete phase transformation.   
The calculated β phase content for this sample, assuming the α peak split is due to 
distortion of the lattice and that both are still α phase, using Equation 4  is: 
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𝛽 =
𝐼𝛽
(𝐼𝛼 + 𝐼𝛽)
 
 
𝛽 =
(1.75 + 56.51 + 12.23 + 9.93 + 9.5)
((328.92 + 315.56 + 396.85 + 568.25) + (1.75 + 56.51 + 12.23 + 9.93 + 9.5))
 
 
𝛽 = 0.051 
 
%𝛽 =  5.1% 
 
 
The phase content and the pattern obtained for sample 6 suggest a dominant α-Ta 
phase coating, with similar results for sample 8 with 5.7% and sample 14 with 7.1% β. In 
stark contrast to the α phase coatings, some of the samples exhibited a dominant β-Ta phase 
composition including samples 1, 5, 11, 13, 16, and 17. The diffraction pattern and peak list 
for sample 5 is show below in Figure 4-6. 
 
 
Figure 4-6: Sample 5 diffraction pattern with overlaid β-Ta reference peaks between 30-80° 2θ 
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Table 4-11: Taguchi screening study Sample 5 peak list 
No. Pos. [°2Th.] d-spacing [Å] 
Height 
[cts] 
Rel. Int. 
[%] 
Area 
[cts*°2Th.] 
Peak match 
1 32.4666 2.75551 72.99 3.2 4.54 β (311) 
2 33.9688 2.63701 15.19 0.67 2.96 Not matched 
3 35.0793 2.55603 25.25 1.11 3.39 Not matched 
4 36.3382 2.47031 2282.52 100 128.75 β (410) 
5 37.4016 2.40248 222.05 9.73 9.91 β (330) 
6 38.2021 2.35396 27.4 1.2 2.99 β (202) 
7 39.2099 2.29575 132.82 5.82 8.68 β (212) 
8 40.2119 2.24082 1927.28 84.44 73.75 β (411) 
9 41.2295 2.18784 294.61 12.91 28.87 β (331) 
10 44.1697 2.04878 34.76 1.52 5.82 β (312) 
11 47.7409 1.90352 25.23 1.11 3.41 β (501) 
12 48.6345 1.87062 70.46 3.09 12.92 β (511) 
13 51.1151 1.78551 17.31 0.76 4.99 β (521) 
14 57.644 1.59783 40.47 1.77 6.52 β (611) 
15 59.9472 1.54183 72.49 3.18 20.16 β (621) 
16 63.6872 1.46 105.92 4.64 18.66 β (631) 
17 64.6283 1.44099 143.47 6.29 42.69 β (413) 
18 65.1855 1.43002 112.91 4.95 27.08 β (333) 
19 66.8645 1.39813 276.1 12.1 34.86 β (720) 
20 67.9964 1.37758 21.93 0.96 4.1 β (622)  
21 69.396 1.35318 126.76 5.55 28.11 α (211)  
22 77.1139 1.23586 154.55 6.77 26.81 β (820)  
 
Based on the peaks identified in  
 
 
 
 
 
Table 4-11 and Equation 4, the β=Ta phase content for sample 5 is 92.3%. The lattice 
parameters agree with the standard with a=b=10.18 (Ȧ) and c=5.24(Ȧ) for the β phase. For the 
observed α peak, the lattice parameter is calculated to be a=3.3146 (Ȧ), a slight increase to the 
ICDD standard, most likely due to microstrains and distortion in the lattice due to the 
different phases.  
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The remaining samples showed a mixed composition of α and β phase Ta such as 
sample 2 (Figure 4-7). 
 
 
Figure 4-7: Sample 2 diffraction pattern with overlaid α and β-Ta reference peaks between 30-80° 2θ 
 
Table 4-12: Taguchi screening study Sample 2 peak list 
No. 
Pos. 
[°2Th.] 
d-spacing 
[Å] Height [cts] Rel. Int. [%] 
Area 
[cts*°2Th.] Peak match 
1 33.6949 2.65781 3433.98 80.68 136.85 β (002) 
2 33.7189 2.65597 3668.71 86.2 103.64 β (002) 
3 35.874 2.50121 33.56 0.79 8.05 β (113) 
4 37.9664 2.36803 468.58 11.01 50.9 β (202) 
5 38.4596 2.33879 4256.23 100 144.57 α (110) 
6 38.9894 2.30822 445.49 10.47 74.47 β (211) 
7 39.8835 2.25851 86.17 2.02 8.18 β (411) 
8 41.9024 2.15424 29.31 0.69 7 β (331) 
9 43.8077 2.06487 17.97 0.42 8.95 β (312) 
10 55.4178 1.65663 934.95 21.97 145.18 α (200) 
11 59.5592 1.55094 7.06 0.17 4.68 β (313) 
12 64.6288 1.44098 51.64 1.21 24.59 β (413) 
13 66.9158 1.39718 6.28 0.15 4.62 β (720) 
14 69.4373 1.35248 1580.24 37.13 325.62 α (211) 
15 70.8533 1.32888 473.16 11.12 198.46 β (400) 
16 75.5831 1.25703 4.87 0.11 3.99 Not matched 
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The peak list shown in Table 4-12 indicates the three main α-Ta peaks and several β-Ta 
peaks. The peak areas were used to calculate the resulting β phase content as 50.4%. It is 
worth highlighting additional peak splitting of the β (002) peak, again potentially due to 
distortion in the lattice from to the mixed-phase composition and phase transformations that 
are expected to occur due to the metastable nature of the β phase. 
The α lattice parameters were calculated with good agreement to the standard model 
as follows in Table 4-13, although there were slight increases most likely due to lattice strain 
from the mixed-phase composition. The β phase lattice parameters are approximately within 
the standard model with a=b=10.44 (Ȧ) and c=5.32 (Ȧ).  
 
Table 4-13: Sample 2 lattice parameter 
Pos. [°2Th.] d-spacing [Å] Peak match A [Ȧ] 
38.4596 2.33879 α (110) 3.3770 
55.4178 1.65663 α (200) 3.3133 
69.4373 1.35248 α (211) 3.3129 
 
 
Detailed analysis of the remaining peaks is not provided here, but the stacked 
diffraction patterns for all samples seen in Appendix C highlight the variation in the 
obtained pattern peak locations. The stacked plot on page 267 also shows the variation in the 
presence of the α (200) peak at approximately 55°. Raw data plots, such as that in Appendix 
C and in Figure 4-8 below, display some peak broadening at the lower angles that could be 
indication of microstrains or small crystal size. A face-on view of the stacked plots (Figure 
36) shows the variation of the dominant peaks between the α (110) at just over 38° and the β 
peak at approximately 36° (410), and 40° (411). The preferred orientation of the β-dominant 
coatings between the (410) and (411) planes is different from sputtered PVD β-Ta coatings 
that are often textured along the (002) plane (Bernouilli et al., 2013).  
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Figure 4-8: Face-on overlaid view of all Taguchi screening study sample diffraction patterns between 30-80° 2θ 
demonstrating variance in peak locations and intensities 
 
 
Peak identification has been made for all patterns such that phase content can be 
determined. The β-Ta phase content responses of the system for all Taguchi study samples 
(labelled TM1-18) are given in Table 4-14 below, in comparison to the α-Ta dominant 
commercial reference sample.  
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Table 4-14: Taguchi screening study calculated β-Ta phase content for all samples  
Sample β (%) 
TM1  77.1 
TM2 50.4 
TM3 18.5 
TM4 75.4 
TM5 92.3 
TM6 5.1 
TM7 25 
TM8 5.74 
TM9 72 
TM10 30.4 
TM11 83.6 
TM12 55.2 
TM13 75.6 
TM14 7.06 
TM15 51.2 
TM16 81.9 
TM17 69.1 
TM18 90.8 
α-Ta reference 1.0 
 
4.3.2.4 Knoop Hardness 
 
Averaged microhardness values across the set ranged from ≈200-1400 HK in 
agreement with known α and β-Ta microhardness properties. Figure 4-9 is a plot of HK vs. 
%β and indicates a trend in coating properties up to a limiting value of ≈70 %β.  Below this 
point the coating exhibits α-Ta HK performance and above it, the magnitude increased to β-
Ta HK values. Missing HK values (samples 9 and 17), are due to the coating being too thin 
(<2 μm), to be able to obtain suitable indents for measurement. Error bars demonstrate the 
uncertainty in the stated averaged values, calculated as one standard deviation of the 
averaged microhardness values for each sample. 
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Figure 4-9: Taguchi screening study samples HK vs. %β with error bars of 1SD of population data 
 
Mean trends of factor level effects on the responses can be seen in Table 4-15 and  
Figure 4-10. Level 2 conditions for deposition rate and %β produce near maximum and 
minimum values respectively, suggesting process optimums could be around these values. 
HK values show a general decrease from level 1-3 for most factors although it would be 
expected that the HK responses would follow the same trend as %β if there were not 
additional considerations such as the apparent trend seen in Figure 4-9.  
 
Table 4-15: Taguchi mean factor effects at factor levels for all responses 
  Deposition rate %β HK 
  1 2 3 1 2 3 1 2 3 
Surface 
finish 19.9 18.8   55.4 52.0   752.5 639.7   
Deposition 
temperature 15.4 22.4 20.3 59.8 49.0 52.3 660.0 695.9 646.0 
H2 flow 21.6 20.2 16.3 64.2 20.2 43.7 687.4 555.3 272.6 
Cl2 flow 16.0 19.3 22.8 62.6 44.4 54.1 840.0 481.3 556.6 
Ar Flow 20.5 22.1 15.6 61.5 45.2 54.4 847.8 591.9 455.4 
Position 19.4 24.2 14.6 49.3 52.5 59.3 690.6 616.0 557.1 
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Figure 4-10: Plots of Taguchi screening study mean factor responses for (a) deposition rate (μm/hr) (b) %β and 
(c) HK  
 
 Statistical analysis 
 
Having obtained all values for the measured system responses, values were entered 
into the experimental design on Minitab18© software. Subsequent inbuilt statistical analysis 
of individual responses was conducted, and the full output of these can be seen in Appendix 
D. This section highlights the abbreviated and pertinent results obtained and their 
implication for the Ta CVD process and relevance for continuance from the screening to the 
following RSM optimisation phase. 
As described in 4.2.3, for each response the conducted analysis required the 
designation of a preferred S/N ratio. Deposition rate employed the ‘larger-the-better’, and 
%β and HK the ‘smaller-the-better’ S/N ratios to produce preferred α-Ta coatings at 
commercially viable levels. Figure 4-11 below shows mean S/N values for each factor and 
response, with optimum levels where S/N is a maximum. 
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Figure 4-11: Taguchi S/N ratio plots of data means of (a) deposition rate (μm/hr), (b) β phase content, and (c) 
HK  
 
The collated ANOVA results for all responses are provided in Table 4-16. For a 
significance factor of P ≤ 0.05, only the Cl2 flow for %β is a significant term. Increasing to P ≤ 
0.1 for model assessment, only introduced the Cl2 flow being a significant factor on the 
achieved deposition rate. R-Sq values indicate a moderate lack of model fit, particularly for 
the HK model at R-Sq ≈ 56%. Conversely, the model spread (S-values), is lower 
proportionally for HK at 7.7, and higher for deposition rate at 7.5 and 6.1 respectively. 
Percentage contribution values were obtained (see Table 4-16 and Figure 4-12) to highlight 
relative factor contribution to responses. For all responses, Cl2 flow (39.6%, 62%, 36.2%) had 
the most impact on the response. Ar flow and deposition temperature had noticeable impact 
on the deposition rate and HK. Surface condition (PC ≈ 0-14%), H2 flow (PC ≈ 3-7%), and 
position (PC ≈ 3-7%), have smaller contributing impact on the measured responses. 
(c) 
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Table 4-16: Taguchi ANOVA results 
Level  1 2 3 
            Factor  Response Dep rate %β HK Dep rate %β HK Dep rate %β HK 
Surface  23.51* -29.83* -53.51* 23.34 -33.99 -54.53 
   
Dep Temp  25.41 -33.35 -51.12* 26.15* -29.96* -54.77 18.72 -32.42 -57.25 
H2 flow  24.73* -34.79 -56.48 21.56 -30.12* -53.65 23.98 -30.81 -51.44* 
Cl2 flow  16.81 -36.98 -54.54 26.5 -35.48 -56.58 26.97* -23.26* -51.11* 
Ar   26.53* -29.08* -54.57 26.07 -32.34* -52.93 17.68 -34.3 -54.83 
Position  22.09 -29.38* -53.9 21.98 -32.42 -53.56* 26.21* -33.92 -54.5 
(* - optimum factor level for response) 
Source DF  SS  MS F P PC 
 DR %β HK DR %β HK DR %β HK DR %β HK DR %β HK DR %β HK 
Surface 1 1 1 0.12 77.93 4.184 0.116 77.93 8.614 0 2.11 0.14 0.965 0.197 0.723 0.0 14.2 4.8 
Dep 
Temp 
2 2 2 201.08 36.75 95.794 100.54 18.38 62.122 1.79 0.5 1.04 0.246 0.631 0.433 20.2 3.4 35.5 
H2 flow 2 2 2 32.81 76.22 58.471 16.407 38.11 11.138 0.29 1.03 0.19 0.757 0.412 0.837 3.3 6.9 6.5 
Cl2 flow 2 2 2 394.28 678.88 96.19 197.142 339.44 63.063 3.5 9.19 1.06 0.098 0.015 0.428 39.6 62.0 36.2 
Ar flow 2 2 2 297.85 83.68 41.784 148.924 41.84 24.378 2.64 1.13 0.41 0.15 0.383 0.69 29.9 7.6 14.0 
Position 2 2 2 69.7 64.12 10.387 34.848 32.06 5.194 0.62 0.87 0.09 0.57 0.467 0.918 7.0 5.9 3.1 
Residual 
Error 
6 6 4 337.84 221.7 238.934 56.307 36.95 59.733          
Total 17 17 15 1333.68 1239.28 545.745    8.84 14.83 2.93    100.0 100 100 
 S R-Sq R-Sq(adj) 
Deposition rate 7.5038 74.67% 28.23% 
 %β 6.0786 82.11% 49.31% 
HK 7.7287 56.22% 0.00% 
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Figure 4-12: Taguchi factor percentage contribution values on deposition rate (μm/hr), β-Ta phase content (%), 
and HK 
 
 Discussion 
 
Coating thicknesses measured through SEM cross-section analysis were within ≈ +/-
10% of estimated values, showing reasonable fit with the mass-change method. Face-to-face 
variation of coating thickness was observed due to eccentricity of the H2 inlet. Coatings 
displayed excellent coverage and conformity around the sample, including sharp corners. 
Interfacial characteristics varied, with the majority of samples displaying a uniform < 200 nm 
interfacial diffusion region with some observed interfacial porosity or void formation. High 
β-Ta coatings would have lower overall density than the bulk 16.65 g/cm3 assumed for 
calculation. Sample 5 (≈92 %β), with an approximated density of 16.31 g/cm3 would have a 
calculated thickness of 19.8 µm rather than 19.45 µm, reducing the variance from 
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measurement from 2.31% to 0.5%. Consideration of coating uniformity is made in 
presentation of X-ray fluorescence results of coating thickness measurements following the 
scaled-up process optimisation in chapter 5. 
XRD results indicate residual stresses in the deposited coatings. This not uncommon, 
with vapour deposited coatings typically being seen to have them (Eroglu & Gallois, 1993). 
These stresses can either be tensile leading to cracking, or compressive, that can lead to 
buckling and peel-off of the coatings (Abadias et al., 2018; Karlsson, 2015). Residual stress 
can directly impact the performance and properties, such as ductility, corrosion resistance, 
and adhesion of the Ta coating – steel substrate combination (Eroglu & Gallois, 1993; 
Abadias et al., 2018), limiting potential component lifetime.  Residual stress can be either 
intrinsic, resulting from the coating growth, or extrinsic typically due to thermal coefficient 
mismatch between the coating and the substrate materials (Eroglu & Gallois, 1993; Karlsson 
(2015). The thermal extrinsic stress induced upon cooling from the deposition temperature 
dominates the residual stresses imparted in CVD coatings (Eroglu & Gallois, 1993).  
Alami et al. (2006) state that intrinsic residual stresses from coating growth also affect 
the phase formation. Clevenger et al. (1992), demonstrated that such stresses could be 
relieved by post-deposition heat treatments that also enable phase transformation and can 
alleviate potential hydrogen embrittlement (Suh et al., 2010). 
X-ray effective penetration depth is estimated to be ≈ 3.68 μm (see section 3.5.4). The 
relationship used to calculate %β assumes that all coatings have the same preferred 
orientation. However, in deposited coatings this varied between the (002) and (410) plane 
during peak matching. The β-Ta reference file used (JCPDS 00-025-1280) is also based on the 
1973 β-U isomorphous P42/mnm structure with lattice constants of a=10.194 and c=5.313 
(Arakcheeva, Chapius & Grinevitch, 2002). Recently this has been reduced in symmetry to a 
P421m structure with a=10.211 and c=5.3064 (Arakcheeva, Chapius & Grinevitch, 2002; Jiang 
et al., 2005) and can also exhibit (003) peaks at a 2θ of 51.42°. Peak locations were not 
compared to this 2θ so could have been incorrectly unassigned to the β phase and reduce 
actual phase content.  Integrated intensities values of assigned peaks to calculate %β are 
assumed to be representative of the entire thickness of the coatings and assumes that phases 
are distributed evenly throughout the coating. High %β coatings, if only representative of 
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outer coating regions, are contradictory to interfacial preference for β-Ta seen in sputtered 
coatings (Myers et al., 2012; Lee et al., 2005; Matson et al., 2000). 
There is a great deal of variation between the samples ranging from %β ≈ 5.1-93.1%. 
Subsequent analysis aims to relate these fluctuations to process parameters to identify any 
relationships or dependencies such that optimum parameters can be chosen that produce 
coatings with minimal β-Ta. The response data gathered from the XRD analysis shows a 
great variation in the phase composition of the tantalum coatings that will subsequently be 
correlated to the deposition parameters to ascertain if there are noticeable trends. The peak 
splits observed are of interest and require further consideration as to whether they are due 
to phase transitions within the coating. As we expect the β-α transformation this could be 
what is being observed as resultant distortions in the crystal lattice. The split in the α (110) 
peak, however, suggests a cubic-tetragonal phase transformation, which is unexpected and 
therefore is likely to be a reduction in crystal symmetry due to microstrains within the 
coating due to the mixed-phase composition. Increases in lattice constants have also been 
observed (Baker, 1972) and are attributed to inclusions/impurities in the coatings. 20% 
oxygen, thought to be a β-Ta promoting inclusion produced an increase in lattice constant 
from 3.305 to 3.43 ((Knepper, Stevens & Baker, 2006; Hieber, 1974; Read & Hensler, 1972).   
There is still a question as to why the coatings exhibit the β phase as much of the 
literature suggests that the deposition temperatures used are above the β-α transition 
temperature. It can be that phase stabilising impurities such as oxygen (Knepper, 2007), are 
present within the coating and increase this transition temperature, and CVD processes have 
been shown to have increased transition temperatures compared to their sputtered 
counterparts (Goncharov et al., 2017; Knepper, 2006; Lévesque & Bouteville, 2004; 
Yohannen, 2001). It is also possible, due to the sensitive nature of the commercial α-Ta 
process that is not completely known, a post-deposition heat treatment is used to ensure 
complete transformation. This would align with previous SEM analysis of the commercial 
interfacial region that shows a much larger interdiffusion zone at the interface compared to 
the deposited samples. This suggests a high temperature treatment that induced diffusion of 
elements between the coating and substrate. To investigate this phenomenon further, the 
phase transition is considered in chapter 5. This data may suggest the transition temperature 
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above which all samples may need to be heated as part of commercial deposition processes 
to ensure α phase still exhibit phase content fluctuations.  
HK values on average exhibited α-Ta behaviour up to a %β ≈ 80% and increased to β-
Ta values above this limiting value. Missing HK values would have provided additional 
information at this apparent transition point with %β of 69 and 72% respectively. HK values 
for the optimisation trials were used to investigate if this is a trend in behaviour relating to 
phase size, volume, or distribution within the coatings, or a false trend due to non-standard 
distances for the Knoop indents due to the relative size of the indenter and the coating 
thickness leading to substrate and sample mount interactions.  
It is worth highlighting that all statistical analysis conducted was based on average 
values for responses at the factor levels as per Table 4-15. In reality, there was observed 
variance at each level due to uncontrollable or not investigated factors in this study leading 
to compounded effects with noise and uncontrollable system behaviours and the inherent 
lack of fit and subsequent predictive variance of the model.  
For all averaged responses, surface finish from level 1 to 2 appears to reduce the value 
by 5, 6 and 14% respectively. Deposition temperature has inverse maximum and minimum 
values for %β and HK at level 2, although the trends for these factors would be expected to 
be similar if %β α HK, but this not supported by Figure 4-10. The median deposition 
temperature also produces a maximum deposition rate. Deposition rate as a function purely 
of temperature would be expected to increase across the range. If Figure 4-10 plot (a) for 
deposition rate was plotted as an Arrhenius plot, such as in Figure 4-13, it would suggest 
that in the lower temperature regime, (region 1), the deposition is surface reaction-controlled 
with an apparent activation energy of 44.6 J/mol calculated from the gradient of the slope. 
Moving into the higher temperature region 2, Figure 4-13 does not demonstrate a mass-
transport controlled regime, and instead moves into region (c) as described in Figure 2-4, 
chapter 2. This suggests there is a depletion in available reagent reaching the sample surface 
to enable coating growth, (Chen, 1999). This is supported by a similar trend in Ar flows, 
although increasing Cl2 flow does increase deposition rate across the range. Increasing H2 
flow decreases the deposition rate, counteracting the suggestion of Brossa et al. (1981), the 
excessive reagent gas promotes the growth rate.  
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Figure 4-13: Arrhenius plot of deposition rate against 1000/deposition temperature (K) for Taguchi screening 
study results 
 
It is clear that complex gas flow regimes and interactions within the system are in 
effect. Part of the gas flow effects within the system suggest an optimal mixing point at 
position level 2. At positions lower than this, the deposition rate drops off due to possible 
precursor depletion due to homogeneous gas phase reactions. β-Ta phase content in the 
coatings shows similar trends for process gas flows and inverse trends for deposition 
temperature and sample position in the system. 
The discrepancy between predicted responses from the theoretical model and 
experimental data (Figure 4-14) for deposition rate (a), and %β (b), demonstrates moderate 
values of model fit (≈56-75%). Cl2 flow for %β is the only discernibly significant factor within 
α ≤ 0.05 range. Deposition rate has P-values of 0.09 and 0.15 for Ar flow and position 
respectively. P-values for other factors and responses vary significantly from ≈ 0.2 - 0.97. The 
Taguchi methodology employed discounts interaction effects between factors that are 
prevalent in any CVD process. Attempting to include square interaction terms in the 
analysis leads to aliasing of effects, and missing ANOVA values due to insufficient DOF in 
Region 1 
Region 2 
1098 K 1198 K 1148 K 
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the model. Interaction plots generated for each response (such as Figure 4-15), display non-
parallel, intersecting lines indicating factor interactions not accounted for in the Taguchi 
methodology, and the requirement of further analysis through the RSM CCD design 
incorporating these effects. 
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Figure 4-14: Experimental (blue) vs. predicted (gold) responses using theoretical models for (a) deposition rate 
(μm/hr), (b) β-Ta phase content (%) and (c) and Knoop hardness  
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Figure 4-15: Taguchi screening study factor interaction plot for proportion of β-Ta phase showing intersecting lines indicative of factor interactions for all combinations of 
factors at the majority of factor levels 
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 Trade-off 
 
Analysis of all responses produced varying optimum factor levels and predicted 
responses (see Table 4-17). Only the surface finish and Cl2 flow has the same optimal level 
across all three responses. For all other factors, a trade-off was conducted based on predicted 
responses and commercial implications with respect to α-Ta coatings.  
 
Table 4-17: Taguchi screening study optimal factor levels trade-off 
Optimal levels Deposition rate Proportion β phase Knoop hardness 
Surface finish 1 1* 1 
Deposition temp 2 2* 1 
H2 flow 1 2* 3 
Cl2 3 3* 3 
Ar flow 1 1* 2 
Position 3 1* 2 
    
Predicted response    
Deposition rate (μm/hr) 27.0 26.1 24.7 
β phase content (%β) 12.2 1.7 22.1 
Knoop hardness (HK) 106 272 -226 
(* - optimal factor levels after trade-off) 
 
The predicted response of the system using the optimal factor levels from the Knoop 
hardness analysis produced unfeasible negative properties due to the lack of model fit as 
well as the lowest deposition rate and highest %β so were excluded. In comparing 
remaining levels for deposition rate and proportion of β phase, %β was given a higher 
desirability ranking so the lower value of 1.7% obtained for the proportion of β phase levels 
is preferred. Matched with a negligible drop in the obtainable deposition rate, these factor 
levels were selected to be used as the central design points for the CCD optimisation phase. 
Due to lack of statistical significance of factors from the analysis, it was not possible 
to determine what factors could be ruled out to carry forward to the optimisation phase. To 
decrease the subsequent DOE design and experimental trials, the ‘surface finish’ factor was 
eliminated. The P-values for the surface finish were extremely high for two of the three 
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responses, at 0.97 and 0.72 for deposition rate and Knoop hardness respectively suggesting 
minimal impact on these obtainable responses. This was agreed with by the factor effect 
rankings of 5, 6, and 5. All responses agreed on an optimal level 1 (as-delivered), so this was 
used  as the sample finish for RSM trials The as-delivered finish makes the process more 
economical and efficient without the need for the additional sample preparation step. 
Typically, however, surface roughening is thought to improve the mechanical interlocking 
and adhesion of the coating (Matějíček et al., 2013), and can be induced through required 
pre-surface treatments such as grit-blasting if the parts to be coated have an existing surface 
treatment requiring removal.   
 
 Summary 
 
The Taguchi screening study was a rapid experimental programme to select the 
important factors and central levels to be included in the RSM CCD optimisation study 
performed in this work. The 18 trials produced samples of highly differing responses that 
were subsequently analysed. P-values and model fit were less significant than had been 
hoped, reflecting the interacting nature observed in interaction plots. Cl2 was found to be the 
only significant term with P=0.015 for its effect on the β phase content, and highly 
contributed to both the deposition rate and HK. Deposition temperature was not the 
determining parameter for the deposition rate as could be expected, it was Cl2 followed by 
Ar flow. 
Despite the lack of statistical clarity obtained from the results, it was observed that HK 
tends to show a non-linear trend with %β and the models for each response can be used to 
predict them with varying degrees or accuracy. The trade-off conducted due to the 
limitation of the study in analysing responses singularly demonstrated that surface finish 
had the least effect or variation across the responses, so it was excluded from the follow-on 
optimisation. The ‘as-delivered’ surface carried through as it demonstrated a better response 
across all factors. Considering adhesion properties not selected as a response in this study, 
the grit-blasted surface may actually be preferable to improve mechanical interlocking of the 
coating and adhesive strength. 
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The remaining factors were selected based on the β-phase content being given a higher 
desirability ranking. The models predict that commercially viable deposition rates of >20 
µm/hr can be obtained whilst minimising the β-phase content of the coatings and HK stays 
within acceptable α-Ta values up to >80%β. The optimal levels for the factors suggest that 
compared to the original process that was used based on literature parameter values, the 
deposition temperature and hydrogen flow being used were correct, but a higher Cl2 flow 
and lower Ar carrier gas flow should be used, and the samples should be positioned closer 
to the gas inlet. These levels are taken with the caveat that they are provided based on the 
discrete levels used in the study and may not represent the actual optimal value in the 
continuous design space. 
To test the repeatability of the suggested optimums to be taken forward for the RSM 
optimisation, a series of validation trials was conducted, as follows in the next section. 
 
4.4 Taguchi Validation Trials 
 
 Overview 
 
Having generated a set of ‘optimum’ factor levels for the desired response of the 
system through the Taguchi analysis, a set of validation trials were conducted to see how 
accurate the model was and to assess the repeatability of the process. What follows is an 
overview of the trials conducted, the predicted results from the empirical models and the 
analysis thereof. 
 
 Experimental Trials 
 
All Taguchi validation trials were conducted using the ‘optimal’ process parameters as 
defined by the statistical analysis and trade-off. At these levels, the predicted values of the 
responses were calculated using the statistical model generated for the proportion of β-Ta as 
follows: 
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Table 4-18: Taguchi screening study validation level response predictions 
Response Predicted value 
Deposition rate (µm/hr) 26.1 
Proportion β phase (%β) 1.74 
Knoop Hardness (HK) 283 
 
 
These predictions were used for comparison to the experimental results to test for 
validity of the predictive model for the proportion of β-Ta and assess the repeatability of the 
process within the methodology selected and the deposition system. 
 
 Results  
 
Four repeat deposition runs were made using the optimal factor levels shown in 
Table 22. Responses were measured, and the variance against the predicted values 
calculated as shown in Table 4-19 and Figure 4-16(a) (b) & (c). 
 
 
Table 4-19: Taguchi screening study validation trial response results 
Trial no. 
 
Deposition 
rate (µm/hr) 
Variance 
(%) 
%β  Variance 
(%) 
HK Variance 
(%) 
V1 28.2 +8.0% 36 +1969% 366.8 +34.9% 
V2 22.1 -15.3% 66.3 +3710% 331.6 +21.9% 
V3 25.6 -1.9% 11.7 +572% 258.6 -4.93% 
V4 23.7 -9.2% 24 +1279% 411.6 +51.32% 
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Figure 4-16: Taguchi screening study validation study experimental vs. predicted results for (a) deposition rate 
(μm/hr), (b) β-Ta phase content (%) and (c) HK  
 
 Discussion 
 
Deposition rates obtained had between ≈ +/-15% variance, and all were within 
acceptable commercial levels. β-Ta content varied dramatically across the set (12 - 66%β), 
and all were higher than predicted values. This indicates that nucleation and retention of the 
β phase may be due to interaction effects or noise/unidentified factors. HK values were all 
within the α-Ta range despite %β up to 66%. This result agrees with the trend observed in 
the HK results in section 4.3.2.4. 
 
 Alternate optimisation 
 
 
As an additional test of the rigidity of the statistical analysis, Taguchi analysis was 
conducted with the reverse S/N ratio for the β phase content as larger-the-better. This may 
also be beneficial for future expansion of the process to alternate industries such as electrical 
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applications that may prefer the magnitude higher electrical resistivity of the β phase than 
the α. The statistical analysis is presented in Table 4-20. 
 
Table 4-20: β-Ta dominant optimisation Taguchi analysis 
Analysis of Variance for SN ratios 
Source DF Seq SS Adj SS Adj MS F P PC (F) PC (P) 
Surface 1 77.93 77.93 77.93 2.11 0.197 14.23 6.29 
Deposition 
temp 
2 36.75 36.75 18.38 0.5 0.631 
3.37 2.97 
H2 flow 2 76.22 76.22 38.11 1.03 0.412 6.95 6.15 
Cl2 flow 2 678.88 678.88 339.44 9.19 0.015 61.97 54.78 
Ar flow 2 83.68 83.68 41.84 1.13 0.383 7.62 6.75 
Position 2 64.12 64.12 32.06 0.87 0.467 5.87 5.17 
Residual 
Error 
6 221.7 221.7 36.95       
 17.89 
Total 17 1239.28              100.00 
Model Summary 
S R-Sq R-Sq(adj) 
6.0786 82.11% 49.31% 
 
 
Figure 4-17: Taguchi β phase 'larger-the better' S/N ratio 
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An overview of these results shows a good fit of the model to the data at an R-Sq value 
of 82.11%. It also shows that the Cl2 flow is within the range of P ≤ 0.05 and contributes over 
50% to the model. This again suggests that the Cl2 flow is the decisive factor for β phase 
formation. The S/N ratios suggest an optimal factor level combination of 2, 1, 1, 1, 3, 3, 
leading to a predicted β phase content of 95.3%. 
A trial at these optimum conditions with as an as-delivered surface rather than a 
rough surface, due to unavailability of the grit-blaster, was conducted. The predicted β 
phase content and deposition rate at these factor levels compared to the measured response 
is summarised in Table 4-21 below.  
 
Table 4-21: Optimal β phase factor levels and response variance 
Factor / levels Response 
Surface 
Dep 
temp 
H2 
flow 
Cl2 
flow 
Ar 
flow 
Position 
Dep rate 
predicted 
Dep rate 
actual 
%β 
predicted 
%β actual 
1 1 1 1 3 3 6.97 9.65 82 96 
 
 
For the deposition rate, the actual value obtained during these trials was 9.65 µm/hr at 
a variation of +2.68 µm/hr (+38%). For the β phase content, the XRD pattern obtained at the 
University of Surrey is shown below: 
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Figure 4-18: Maximised β-Ta phase trial XRD diffraction pattern between 30-70° 2θ with overlaid β-Ta 
reference pattern 
 
Based on the obtained diffraction pattern (Figure 4-18), and using the previously 
established area counts method, the β phase content was estimated as upwards of 96%. This 
is higher than the estimated 82%, but still shows β-dominant coatings are produced. 
 
 Summary 
 
For both α and β-Ta optimisation validation tests the levels of variance suggests 
more complex processes and interacting behaviours than are analysed using the Taguchi 
technique. Subsequent optimisation using RSM CCD was used to include interaction effects 
and investigate a large continuous design space to further refine theoretical models. 
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4.5 Response Surface Optimisation 
 
 Overview 
 
The outcomes of the Taguchi screening study, whilst not as statistically indicative or 
reproducible as would have been preferred, were carried forwards into the RSM CCD 
optimisation phase of the study. It is this set of results and analysis that are presented in the 
subsequent sections prior to a comparison of the results obtained at both stages and 
consideration of the overall study. 
 
 Experimental trials 
 
As per the outcomes of the Taguchi study, the factors brought forward and the levels 
to be used as the centre points were as shown in Table 4-22 below, and the experimental 
trials conducted as per the randomised order established in section 4.2.3. 
 
 
 
 
Table 4-22: RSM CCD factor levels 
Levels -α -1 0 +1 +α 
Deposition temp. -α -1 Level 2 +1 +α 
H2 flow -α -1 Level 2 +1 +α 
Cl2 -α -1 Level 3 +1 +α 
Ar flow -α -1 Level 3 +1 +α 
Position -α -1 Level 1 +1 +α 
 
 
In the previous Taguchi screening study, 18 trials were conducted rapidly over a 
period of less than 2 months. Comparatively, due to various issues with the deposition 
equipment such as blockages and heated line failures, the 32 practical trials of the RSM 
optimisation study took 6 months to complete. This demonstrates the complexities of 
expedient process optimisation, even whist employing methods that reduce the required 
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number of practical trials by up to 99%. The extended phase duration and apparent 
instabilities in the system, whilst demonstrating the need for the larger facilities developed, 
also reiterate the inherent uncontrollable factors at work during CVD deposition processes.  
 
 Experimental results 
 
4.5.3.1 Overview 
 
Despite the extended timeframe, measured response results were obtained at all 
experimental trial factor combinations, and these are summarised in Table 4-23 below in the 
randomised order the trials were conducted chronologically. Comment is then made as to 
the indication from the individual responses before multi-response statistical optimisation is 
presented. 
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Table 4-23: RSM CCD measured responses for randomised coating trial factor configurations 
Trial 
no. 
Factors and Levels  Responses 
  
 
Deposition 
temp. 
H2 
flow 
Cl2 
flow 
Ar 
flow 
Position  
Deposition 
rate 
(μm/hr) 
Proportion β 
phase (%β) 
Knoop 
hardness 
(HK) 
24 0 0 0 +α 0  31.6 56.4 1645 
12 1 1 -1 1 -1  46.8 25.6 1076 
20 0 +α 0 0 0  33.7 39.3 356 
9 -1 -1 -1 1 -1  34.8 86.9 1380 
28 0 0 0 0 0  31.2 89.5 389 
2 1 -1 -1 -1 -1  47.1 76.8 295 
19 0 -α 0 0 0  25.4 66.2 - 
6 1 -1 1 -1 1  34.1 85.1 536 
15 1 -1 1 -1 1  20.7 15.4 940 
4 -1 1 1 1 -1  36.2 70.5 463 
32 0 0 0 0 0  28.2 96.3 1556 
27 0 0 0 0 0  31.7 61.8 922 
11 -1 1 -1 1 1  25.3 41.8 292 
25 0 0 0 0 -α  26.9 18.4 423 
14 1 -1 1 1 -1  26.2 52.5 461 
1 -1 -1 -1 -1 1  18.0 45.2 206 
30 0 0 0 0 0  27.8 71.8 359 
13 -1 -1 1 1 1  22.2 53.8 375 
26 0 0 0 0 +α  19.2 25.3 373 
22 0 0 +α 0 0  20.9 52.4 393 
17 -α 0 0 0 0  14.6 91.7 929 
21 0 0 0 0 0  17.1 77.9 - 
7 -1 1 1 -1 1  24.1 93.9 1048 
23 0 0 0 -α 0  24.4 93.6 1194 
18 +α 0 0 0 0  35.6 93.1 1224 
5 -1 -1 1 -1 -1  23.1 80 525 
29 0 0 -α 0 0  22.1 43.5 - 
31 -1 1 -1 -1 -1  22.0 75.6 655 
3 1 -1 -1 1 1  21.5 46.1 242 
10 1 1 1 1 1  19.3 62.8 308 
16 1 1 1 -1 -1  21.2 10.7 321 
8 0 0 0 0 0  22.4 17.7 277 
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4.5.3.2 Deposition rate 
 
Deposition rates varied between approximately 17 and 47 µm/hr, with an average of 
26.7 µm/hr. The deposition rate achieved showed less variation than the extremes observed 
during the Taguchi screening study. Validation measurements of coating cross-sections 
indicated an average variance of +/- 10% between calculated and measured values. Some 
variance in coating thickness was observed across sample faces, and increased thickness 
around sample corners matching the observation made during the Taguchi screening study. 
Deposited coatings had good uniformity and coverage over the sample and appear near-
fully dense with minimal interfacial flaws such as porosity and voids, and thin 
interdiffusion zones of < 200 nm. 
Deposition rate increased with deposition temperature from an average of ≈15 - 36 
μm/hr which suggests the combination of process parameters used in the CCD experimental 
set did not replicate e the potential precursor depletion effect identified during the Taguchi 
study. Ar and H2 flows produce fluctuating deposition rates across the range with alternate 
maxima and minima for similar process levels. Increasing H2 reagent flow is observed here 
to increase the deposition rate of CVD Ta coatings in accordance with Brossa et al. (1981), 
unlike the trend observed in the Taguchi screening study. Deposition rate as a function of 
position shows a similar trend to that of the Taguchi study, whereby it rises to a peak before 
dropping off, suggesting an ideal position within the furnace for maximum surface reagents.  
 
4.5.3.3 Beta phase content 
 
The β phase content across the sample set ranged from ≈11-96%. Selected 
normalised diffraction patterns (Figure 4-19) highlight the variation between α-
dominant (sample 16 -10.7%), β-dominant (sample 23-93.6%), and mixed phase 
(sample 22-52.4%) composition of the deposited coatings (see Table 4-23). A 
composite stacked image of all the diffraction plots obtained can be seen in 
Appendix C. The diffraction patterns from this sample set, in comparison to the 
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Taguchi samples, showed more preferential orientation of the β phase around the 
(002) plane. 
 
 
Figure 4-19: RSM CCD optimisation study selected sample diffraction patterns between 30-80° 2θ showing 
mixed phase (top), β-dominant (middle), and α-dominant (bottom) coatings relative to α-Ta (red) and β-Ta 
(blue) reference patterns 
 
4.5.3.4 Knoop hardness 
 
Knoop hardness values ranged from ≈ 200 - 1600 HK based on indent measurements 
made using optical microscopy. HK indents were validated using SEM measurements such 
as Figure 4-20 for CCD sample 23 that shows a measured diagonal of 16.6 μm compared to 
the optically measured average of 17.3 μm. A value of HK for sample 21 could not be 
obtained due to sample surface deformations making indent measurement not possible, and 
samples 19, 29 and 32 were excluded due to indent size measurement errors leading to 
2θ 
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disproportionately large HK values being obtained. A plot of HK vs. %β (Figure 4-21), 
indicates the same trend observed in the screening study for a transition value of >80%β to 
β-Ta hardness values, with error bars for one standard deviation of 3 the measured values 
for each sample, indicating a general increase in the uncertainty of the measurements at 
higher %β. This could be due to increase brittleness of the coatings causing more difficulty 
in the measurements, and larger fluctuation between the 3 indents made for each sample.  
 
 
Figure 4-20: RSM CCD optimisation sample 17 measured microhardness indent micrograph 
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Figure 4-21: HK vs. %β for RSM CCD samples 
 
4.5.3.5 Response trends 
 
Deposition rate as a function of deposition temperature (shown in in  Table 4-24 and 
Figure 4-22 (a)) exhibits a surface reaction-controlled regime at lower deposition 
temperatures as was observed for the Taguchi study in Figure 41. The decrease in trendline 
gradient in Figure 50 (a) then moves the reaction to the mass-controlled regime. Unlike 
Figure 41, there is no decrease in the deposition rate achieved at further increasing 
temperatures that would be indicative of precursor depletion (Chen, et al, 1999). Instead, 
there is an additional increase in rate towards the +α deposition temperature with apparent 
activation energies fluctuating from 114–12–53–33 J/mol across the temperature range. The 
fluctuating behaviour and mechanism of surface reactions or gas transport are suggested to 
depend on the other interacting process factors such as Cl2, Ar and H2 flows that both 
generate and transport the precursor to the reaction chamber, the relative position of the 
substrate, and homogenous gas-phase reactions. The deposition rate continued to increase 
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from the -1 - +α conflicts Mugabi (2014), who observed decreasing reaction and deposition 
rates in this temperature regime. 
%β increased by 30-40% in relation to the deposition temperature at the +/-α 
boundaries of the investigated design space (see Table 4-24). Increasing β-Ta values from the 
+1 - +α factors levels disagrees with Gladzuk et al. (2005), and Whitman (2000) who 
highlight increasing temperatures as a factor that promotes α phase formation. 
Ar and Cl2 gas flows both demonstrated highest %β at the -α (78-94 %β), then 
dropped off to similar values across the range of 50-60 %β. Position of the samples produced 
a maximum at the ‘0’ factor level and decreased by ≈ 30% to the +/-α boundaries, an inverse 
of the temperature effect observed. 
Average HK factor mean responses shown Table 4-24 and Figure 4-22 (c) below were 
more similar to those for %β than observed in the Taguchi screening study. Factors showed 
similar points of inflection across the design space, apart from position, that displayed an 
inverse trend of a maximum at the mid-point (1090 HK), decreasing to 423 HK and 372 HK 
at the +/-α boundaries. 
 
Table 4-24: RSM CCD optimisation study average factor level effects 
 
 
 
 
  Deposition rate %β HK 
  -α -1 0 1 α -α -1 0 1 α -α -1 0 1 α 
Deposition 
temp. 14.6 23.7 25.9 31.6 35.6 91.7 57.9 62.0 50.2 93.1 929 626 987 467 1224 
H2 flow 25.4 28.1 25.2 27.3 33.7 66.2 64.2 67.7 40.2 39.3 2188 511 956 582 356 
Cl2 flow 17.1 30.2 26.7 24.2 20.9 77.9 57.0 66.2 51.1 52.4 N/A 533 1042 560 393 
Ar Flow 24.4 28.3 25.4 27.1 31.6 93.6 64.4 64.7 43.7 56.4 1194 449 976 644 1645 
Position 26.9 30.3 26.1 25.1 19.2 18.4 47.1 72.9 61.9 25.3 423 650 1091 444 373 
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Figure 4-22: Plots of RSM CCD optimisation study mean factor level effects on (a) deposition rate (μm/hr), (b) 
%β, and (c) HK  
 
 Statistical analysis 
 
Minitab18® RSM analysis tools were employed to generate regression equations for 
each response as per Table 4-25. These equations were used to calculate predicted responses 
at experimental factor level combinations for comparison with experimental data. Model fit 
and spread is described through the R-Sq and S values of 83.14%, 88.95%, 53.47% and 5.39, 
14.66 and 669.78 for deposition rate, %β and HK (Table 4-26). The R-Sq(adj) figures of 
52.50%, 68.86%, 0.00% are a modified measurement of the model fit allowing for increased 
data points for comparison with analysis of smaller sample sets as per the Taguchi screening 
study. Additional outputs can be seen in Appendix E. 
 
 
 
1 2 3 4 5
0
500
1000
1500
2000
2500
H
K
Factor level
 Deposition temp
 H2
 Cl2
 Ar
 Position
(c) 
154 
Table 4-25: RSM CCD optimisation study uncoded regression equations 
Regression Equation in Uncoded Units 
Deposition 
rate 
= -573 + 1.02 Deposition temp - 235 H2 flow + 1065 Cl2 flow + 759 Ar flow 
+ 6.4 Position + 0.00014 Deposition temp*Deposition temp 
+ 19.2 H2 flow*H2 flow - 143.4 Cl2 flow*Cl2 flow + 81.0 Ar flow*Ar flow 
- 0.421 Position*Position + 0.064 Deposition temp*H2 flow 
- 0.903 Deposition temp*Cl2 flow - 1.063 Deposition temp*Ar flow 
- 0.0525 Deposition temp*Position - 69.3 H2 flow*Cl2 flow 
+ 73.7 H2 flow*Ar flow + 8.24 H2 flow*Position - 104 Cl2 flow*Ar flow 
+ 37.9 Cl2 flow*Position - 24.3 Ar flow*Position 
β % = -409 - 7.04 Deposition temp + 1393 H2 flow + 2849 Cl2 flow 
+ 2314 Ar flow - 130 Position + 0.00643 Deposition temp*Deposition temp 
- 94.3 H2 flow*H2 flow - 280 Cl2 flow*Cl2 flow - 33 Ar flow*Ar flow 
- 13.62 Position*Position - 0.840 Deposition temp*H2 flow 
- 2.32 Deposition temp*Cl2 flow - 0.78 Deposition temp*Ar flow 
+ 0.125 Deposition temp*Position - 115 H2 flow*Cl2 flow 
- 259 H2 flow*Ar flow + 40.3 H2 flow*Position - 767 Cl2 flow*Ar flow 
+ 58.1 Cl2 flow*Position - 53.4 Ar flow*Position 
Knoop 
hardness 
= -57963 + 116 Deposition temp - 7408 H2 flow + 54242 Cl2 flow 
+ 27164 Ar flow 
+ 190 Position - 0.069 Deposition temp*Deposition temp 
+ 97 H2 flow*H2 flow 
- 26279 Cl2 flow*Cl2 flow + 4296 Ar flow*Ar flow - 212 Position*Position 
+ 5.0 Deposition temp*H2 flow - 32.9 Deposition temp*Cl2 flow 
- 9.3 Deposition temp*Ar flow + 1.71 Deposition temp*Position 
+ 2010 H2 flow*Cl2 flow - 911 H2 flow*Ar flow + 206 H2 flow*Position 
- 13371 Cl2 flow*Ar flow + 1126 Cl2 flow*Position - 2172 Ar flow*Position 
 
ANOVA of response data produced percentage contributions displayed visually 
(Figure 4-23), and P-values for all variables in the model such as factors, square effects and 
2-way effects (Table 4-26).  
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Table 4-26: RSM CCD optimisation study ANOVA 
Source DF Contribution P-Value 
  DR β HK DR β HK 
Model 20 83.1% 89.0% 53.5% 0.046 0.007 0.820 
  Linear 5 36.9% 29.6% 7.9% 0.014 0.007 0.856 
    Dep temp 1 24.5% 0.7% 0.2% 0.002 0.432 0.840 
    H2 flow 1 0.2% 14.7% 3.8% 0.714 0.003 0.366 
    Cl2 flow 1 4.9% 1.9% 0.4% 0.100 0.201 0.765 
    Ar flow 1 0.0% 11.2% 2.4% 0.872 0.007 0.468 
    Position 1 7.2% 1.1% 1.2% 0.052 0.309 0.605 
  Square 5 7.3% 33.3% 31.4% 0.484 0.004 0.271 
    Dep temp*Dep temp 1 0.0% 4.3% 0.1% 0.930 0.166 0.736 
    H2 flow*H2 flow 1 2.6% 3.1% 0.4% 0.253 0.052 0.962 
    Cl2 flow*Cl2 flow 1 3.4% 0.4% 17.5% 0.177 0.324 0.057 
    Ar flow*Ar flow 1 1.1% 0.1% 1.0% 0.433 0.904 0.735 
    Position*Position 1 0.3% 25.4% 12.5% 0.680 0.000 0.114 
  2-Way Interaction 10 38.9% 26.0% 14.1% 0.071 0.067 0.953 
    Dep temp*H2 flow 1 0.1% 2.1% 0.2% 0.772 0.180 0.855 
    Dep temp*Cl2 flow 1 4.3% 2.5% 1.0% 0.122 0.142 0.633 
    Dep temp*Ar flow 1 6.0% 0.3% 0.1% 0.074 0.605 0.892 
    Dep temp*Position 1 1.5% 0.7% 0.3% 0.350 0.410 0.803 
    H2 flow*Cl2 flow 1 2.5% 0.6% 0.4% 0.225 0.449 0.770 
    H2 flow*Ar flow 1 2.9% 3.1% 0.1% 0.199 0.105 0.894 
    H2 flow*Position 1 3.6% 7.6% 0.4% 0.155 0.019 0.764 
    Cl2 flow*Ar flow 1 0.9% 4.4% 2.7% 0.455 0.060 0.441 
    Cl2 flow*Position 1 12.1% 2.5% 1.9% 0.017 0.141 0.515 
    Ar flow*Position 1 5.0% 2.1% 7.1% 0.098 0.173 0.221 
Error 11 16.9% 11.1% 46.5%    
  Lack-of-Fit 6 12.1% 2.6% 17.5% 0.218 0.939 0.786 
  Pure Error 5 4.8% 8.5% 29.0%    
Total 31 100.0% 100.0% 100.0%    
 
Model Summary 
 S R-sq R-sq(adj) 
Deposition rate 5.38610 83.14% 52.50% 
β % 14.6633 88.95% 68.86% 
HK 669.769 53.47% 0.00% 
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Figure 4-23: RSM CCD optimisation study linear, square, and interacting factor percentage contribution to 
deposition rate (μm/hr), β phase content (%), and HK responses 
 
Percentage contributions are equal to 100% as a total of the model (R-Sq), and total 
error (lack-of-fit and pure error). PCs were split between response models and error in the 
ratios of approximately: 83:17, 89:11 and 53:47 for deposition rate, %β and HK respectively. 
From Figure 4-23, significant factor PCs can be observed as ≈25% for deposition temperature 
effect on deposition rate, and ≈15% for H2 on %β. PC values correlate to P-values, with those 
with higher contributions having higher statistical significance (lower P-value). For example, 
the deposition temperature factor for deposition rate has the ≈25% PC, and a subsequent 
significant P-value of 0.002. P-values that fall within a significance factor of P≤0.05 include 
overall models for deposition rate and %β (0.046 and 0.007), square (0.004 for %β), and 2-
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way interactions such as 0.017 for Cl2*Position for deposition rate. Additional coefficients 
that are very close to being in this range are position (0.052) for deposition rate, and H2* H2, 
and Cl2*Ar (0.052 and 0.06) for %β. P-values for coefficients are displayed visually on 
generated Pareto charts for each response in Figure 4-24 whereby the 2.201 standardized 
effect threshold is equivalent to P-values of ≤ 0.05.  
 
  
 
(a) 
(b) 
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Figure 4-24:RSM CCD optimisation study Pareto charts of model factors on (a) deposition rate (μm/hr), (b) β-
Ta content (%)  and (c) HK  
 
For all responses (negating lack of significance for HK), in Figure 4-24, square and 2-
way interactions heavily impact the response. Response trends with the most significant 2-
way interacting factors from Figure 4-24 per response were visualized through contour and 
surface plots (Figure 4-25 and Figure 4-26). These plots give responses based on the 
combination of selected variables, with other factors held at zero level values.
(c) 
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Figure 4-25: RSM CCD optimisation study contour plots (a) Cl2*Position for deposition rate, (b) H2 flow*Position for %β and (c) 
Ar*Position for HK 
(a) 
(b) 
(c) 
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Figure 4-26: RSM CCD optimisation study surface plots (a) Cl2*Position for deposition rate, (b) H2 flow*Position for %β and (c) 
Ar*Position for HK 
(a) 
(b) 
(c) 
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The plots in Figure 4-25 and Figure 4-26 provide regions within which factor 
combinations would give desired responses ignoring all other process parameters. For a 
maximum deposition rate, a Cl2 flow of <-1.33 and a position of <-1.66 would be required. 
For %β of <20%, two regions can be identified that would give this response: either at low H2 
flow but high position, or higher H2 flows with increasing position from H2 = 0 and Position 
= 0. An equivalent HK of <500 features a reverse relationship of Ar flow to position with 
attainable values in the -α to -1 Ar flows and -α to -1.5 Position, and from 0 to +α Ar flow 
and +1.75 to α Position. Plot Figure 4-25 (b) also demonstrates model discrepancies through 
the suggestion of negative, unobtainable responses such as %β<0 and %β>100. 
Overlaid contour plots (see Figure 4-27) can be used to similarly identify regions of 
feasibility for factor combinations to produce desired multi-response values. Figure 4-25 (a) 
features a large area of feasibility in the bottom left corner for a deposition rate of > 30 μm/hr 
if that is the sole response of interest. Through additional requirements such as %β < 10 and 
200-400 HK, the area of feasibility is dramatically reduced to two small regions as 
demonstrated by the bounded white area in Figure 4-27 at approximately (-0.5, -1) and (1, -
0.5). Similar plots for other 2-way interactions demonstrate equally narrow process windows 
capable of producing desired coating properties.  
 
Figure 4-27: RSM CCD optimisation study overlaid contour plot for all responses to generate HK 200-400, %β, 
and a deposition rate of  > 20µ 
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 Multi-response optimisation 
 
To identify global process values based on all factors and interactions simultaneously, 
the RSM response optimiser function was employed. Initial preferred response 
characteristics were for a maximum deposition rate with minimum %β and HK, all at an 
equal weighting. Results of this optimization were: deposition rate – 47.2 μm/hr, %β  – -
49.2%, and HK – -2163. Negative predicted values arise from lack of fit, particularly from the 
HK model. In order to produce applicable values for responses, a modified optimization 
was conducted (Figure 4-28) that kept deposition rate and %β goals the same, but changed 
the HK goal to a target of 300 HK (mid-point of α-Ta range), producing the solution in  
Table 4-27. 
 
 
Figure 4-28: RSM CCD multi-response optimisation plot showing ‘optimum’ factor values over the design 
space to produce the desired response characteristics 
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Table 4-27: RSM CCD optimisation study optimal factor values 
Solution Dep temp H2 flow Cl flow Ar flow Position HK  
 
%β  Dep rate  
Coded +α +α -0.5 -0.6 -0.9 300 1.7 49.4 
 
 Discussion 
 
The achieved deposition rates were all above commercially suitable levels of >20 
μm/hr, however optimization suggests a repeatable maximum of around 50 μm/hr. As with 
Taguchi study results, deposition rate variations to measured cross-sections were within the 
+/-10% range and may also be dependent on coating density fluctuations based on coating 
phase content. %β values also varied extensively and, on average, had a higher value than 
for the Taguchi study of ≈60 %β compared to 54 %β, negating potential effective penetration 
depth effects and assuming homogeneous phase distribution within the analysed region. 
HK values were in a greater range than anticipated for either α- or β-Ta preferred 
composition. Erroneous values of HK >≈1500 are attributed to problems such as sample 
surface defects affecting indent measurements and interaction effects from the mounting 
medium and substrate. SEM measurement of HK indents showed an approximate half 
micrometre variation between that was measured optically. Such measurement errors for 
smaller indents explain the higher HK erroneous results that were excluded from the 
presented data set. Excluding these erroneous results from analysis, as well as further 
highlighting the %β – HK trend, also increases the fit of the model in terms of the R-Sq value 
from ≈53.5 – 70.2% and brings a reduction in standard error (S value), of 140. This reduction 
in variance from an average of +/-64% to +/-24% can be seen in Figure 4-29 ((c) & (d)), as 
plots of the actual vs. predicted response values using the produced regression equations. 
Overall model fit was acceptable for deposition rate and %β at 83% and 89%, with similar 
traces of the actual vs. predicted response values in Figure 4-29 (a & b). 
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Figure 4-29: RSM CCD optimisation study actual vs predicted response (a) Deposition rate (μm/hr), (b) %β (%), (c) HK and (d) HK reduced set  
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 Reduction in variance correlates to the increased statistical significance of regression 
model coefficients for both deposition rate and %β (Dep Rate - , Position, Cl2 * Position, and 
H2, Ar, Pos*Pos, H2*Pos). Improved statistical significance is due to the inclusion of the 
additional model terms and interaction effects of the factors, suggested from the Taguchi 
screening study. The HK model and its significant lack of fit do not have any statistically 
significant parameters. Significant factors also vary from the Taguchi study that identified 
Cl2 as the dominant factor, to deposition temperature and H2 flow for deposition rate and 
%β respectively. The significant linear, square and 2-way interaction parameters also include 
the position of the sample that had, during the Taguchi study, its impact significantly 
undervalued with low PC (7.0, 5.9 and 3.1 %), and high P-values (0.57, 0.47 and 0.92). 
Despite the improvements in the statistics, Figure 4-29 still exhibits the fluctuation of 
responses at repeat central levels (>25 on x-axis) seen in Taguchi screening study validation 
trials. This reaffirms uncontrollable or noise effects within the system having an impact on 
response values, and hence the limitations of DOE methodology for complex CVD systems. 
Optimisation results based on target HK values were of similar levels to those 
obtained during the Taguchi study for Cl2, Ar flow, and sample position, but varied for 
deposition temperature and H2 flow to outer extremes of the investigated design space. 
Refinement of the model and inclusion of interaction effects as seen in Table 4-26 ANOVA 
results are attributed to shifting this preferred value. The values for deposition temperature 
and H2 were both at discrete levels whilst those for Cl2, Ar flow and position fell within the 
continuous regime between them. This demonstrates the benefit of using a methodology 
that works over a continuous, rather than discreet, design space. The optimal values also 
change when the HK reduced set of results excluding 19, 29, and 32 as outlined in section 
4.5.3.4  is used to levels of +1.74 deposition temperature, +1.8 H2, -1 Cl2, -α Ar, and -1.45 
position to produce response fits of 437 HK (to reduced range over a 95% confidence 
interval), 1 %β and 50.3 μm/hr deposition rate highlighting the dependency of the produced 
model on appropriate experimental data. 
As with the Taguchi screening study, the generated models and data can be used to 
tailor responses to desired properties other than those selected in this study. The same 
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example of maximum β for electrical resistivity benefits, with associated β-Ta HK values of ≈ 
1200 HK, was selected. For responses of 1200 HK, 98 %β and a deposition rate of more than 
50 μm/hr, similar levels for deposition rate and H2 flow are selected, suggesting these factors 
may not impact the β phase content of the deposited coatings. For remaining factors, Cl2 
flow is suggested to be higher than +α levels, Ar at -α, and position at +α with all factors at 
maximum distance from the central levels used for opposing α-Ta optimisation.  The value 
of deposition rate attained for maximum β phase did not significantly vary from that of the 
optimal α phase value. This suggests that coating growth rates are not affected by the phase 
being deposited. 
 
4.4 Sequential multi-response optimisation 
 
R-Sq values for the Taguchi-RSM data increases for deposition rate and %β (Table 
4-28) suggesting a reduction in variance and better model fit, although the R-Sq value 
decreases for HK. Comparison of R-Sq(adj) values to account for increase in response data 
shows an increase for both deposition rate and %β of 24% & 19% respectively verifying 
reduction in model variance. S-values decrease for deposition rate and increase for HK and 
%β indicating greater spread of the experimental results. Significant factors for β-Ta change 
over the study from Cl2 to H2, suggesting that increased data sets greater visualise the 
impact of other process factors not accounted for in this study. The increase in data points 
also minimises variation between mean factor effects on %β and HK observed in the Taguchi 
study.  
Combined Taguchi-RSM also increased the statistical significance with only one factor 
having a significance level of P ≤ 0.05 in the analysis of the Taguchi screening study. Table 
4-28 demonstrates how the combined Taguchi-RSM approach brings the majority of factors 
such as position, Ar, Cl2 and H2, as well as square, 2-way interactions and overall statistical 
models to within significance values for deposition rate and %β. HK still has no significant 
factors combined with the reduction in model fit, although this was improved through 
exclusion of out of range results. The Knoop micro-hardness methods used may not have 
been suitable on samples due to relative coating thickness and indent sizes, indent 
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measurement errors, and potential sample mount and surface preparation causing defects. It 
is also possible indentation hardness was affected by phase distribution within the coating, 
although this would not explain the consistent HK - %β trend observed. This trend could 
also explain differences between mean factor effects on HK and %β responses  
 
Table 4-28 : TM vs. TM-RSM statistical results 
 TM TM-RSM 
 S R-Sq 
R-
Sq(adj) 
P≤0.05 S R-sq 
R-
sq(adj) 
P≤0.05 
Deposition 
rate 
7.5038 74.67% 28.23% 
No 
factors 
5.38610 83.14% 52.50% 
Model, Dep 
Rate, 
Position, Cl2 
* Position 
β % 6.0786 82.11% 49.31% Cl2 14.6633 88.95% 68.86% 
Model, H2, 
Ar, Pos*Pos, 
H2*Pos 
HK 7.7287 56.22% 0.00% 
No 
factors 
669.769 53.47% 0.00% 
No factors 
 
The use of the hybrid approach realised the importance of sample position within the 
system as shown in the P ≤ 0.05 results in Table 4-28 that had initially been shown to have 
minimal impact during the TM screening study. The relevance of position is most likely a 
function of the various gas flows in the system, system geometry, and pressure of the system 
and optimum values most likely system specific. H2 flow was also shown to be a dominant 
factor for %β having initially had high P and low PC values similar to position. The shift in P 
and PC of these factors over the study suggests the surface finish of the sample that was 
ruled out due to equally low assigned significance, may retain and impact on the system 
responses.     
 
4.5 Conclusions 
 
A hybrid sequential Taguchi-RSM methodology has been used to define and develop 
optimal Ta APCVD process parameters on 316 stainless steel substrates. Model fit and 
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statistical significance improve with the use of the combined Taguchi-RSM CCD study as 
opposed to just the Taguchi methodology. The use of the Taguchi study only allowed for a 
small refinement of controllable factors, the removal of surface finish, for subsequent 
investigation due to the absence of process interactions. The benefit of removing one factor 
in a full factorial RSM CCD study would be to reduce the number of experimental runs from 
86 (assuming 10 central point repeats), to 52, a reduction of 34 which is nearly double the 
number of screening trials conducted. For a half fractional design, such as performed in this 
study, 6 factors would still require 53 experimental trials. This is more than the total 
conducted across both stages and would not be possible due to the qualitative and discrete 
value of the surface finish used. It would only be possible if quantitative levels were 
determined for the surface finish based on RA values.  
Predicted attainable deposition rates are increased by almost 100% from the Taguchi to 
RSM based optimisation with similar desired HK and %β values. Responses were insightful 
in highlighting trends such as HK as a function %β, that need further investigation. β-Ta 
phase contents require correlation of phase location and distribution in deposited coatings to 
validate %β calculation from XRD data. Updating of β-Ta reference structure for XRD data 
analysis to the more recent P421m structure model could refine the peak matching process 
for phase content estimates. Phase mapping could also be correlated to Knoop hardness 
indent locations to study the observed trend in HK value with %β. EBSD is currently being 
employed to map β-Ta phases in samples and data will be compared to etched cross-sections 
that have been prepared. Deposited coatings still displayed widely varying phase content 
that deviated from predicted values during validation trials suggesting more complex 
factors are involved in the mechanisms for phase formation in CVD coatings requiring 
further investigation. As the phase content cannot be consistently and reliably repeated 
based on process parameter predictions, the production of α-Ta coatings still requires post-
deposition annealing treatments. Consecutive vacuum anneals at increasing temperatures 
followed by XRD analysis, and DSC analysis, have been employed to more accurately 
identify the phase transition time and temperature for deposited Ta CVD coatings. This is 
presented in the following chapter. 
Predictive capabilities of the developed models show an improvement of more the 40% 
using Taguchi-RSM as opposed to the Taguchi study alone. Variance between theoretical 
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and experimental results is assigned to complexities and uncontrollable variables within the 
CVD system that were not investigated as part of this study. To negate these effects, 
potential blocking could be used for noise factors such as chlorinator Ta content and mass 
flow controller calibrations to account for degradation and potential variance of given 
versus actual gas. Additional statistical DOE studies could be employed to investigate 
blocking, variation of previous uncontrollable factors such as pressure, and repeatability of 
the Ta CVD process. These studies would use the new, larger capacity deposition facilities to 
develop efficient and effective CVD process development techniques.  
The statistical DOE approach adopted has demonstrated a step change in the approach 
to CVD process optimisation at the project sponsor organisation. Previous approaches relied 
on the literature data and one-factor-at-a-time variation and best guess assumptions based 
on the experience of the CVD scientist running the process. Such methods are time-intensive 
and limited because of the interacting nature of CVD processes and the restriction of the 
design space being investigated. The DOE methodology employed offers a wider 
investigation over a large process design space in an efficient manner to provide greater 
clarity on the optimal conditions to produce coatings with the desired properties. 
The inherent complexities of CVD processes and the limited understanding of the β-Ta 
phase response make fundamental understanding and modelling of the Ta CVD process 
difficult. By generating theoretical models based on the empirical evidence the hybrid TM-
RSM approach provides a basis for the tailoring and modification of processes to generate 
coatings with the desired properties. Further clarity on the properties of Ta coatings in 
relation to the ‘optimal’ process used to deposit them as suggested from the DOE analysis, 
the substrate material they are deposited on, and the complex dual phase nature observed in 
them is presented in the next chapter. 
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5 Tantalum coating properties 
 
5.1 Introduction 
 
In developing the tantalum (Ta) coating relationship set out in Chapter 1 Figure 1 and 
having looked at the process in the previous chapter, this section of the thesis shifts the focus 
onto the properties of the deposited Ta coatings. Samples are looked at from over the entire 
project duration and correlated to the process where possible. Comparison is made over the 
chapter between the as-deposited coatings and the current commercial standard, as well as 
variation with the substrate materials predominantly from stainless steels to carbon steels. 
To begin, cross-sectional microscopic analysis is employed to investigate coating 
quality characteristics such as coverage, composition and density. Interfacial characteristics 
such as interdiffusion layer properties and porosity are evaluated as this region could prove 
a decisive factor in coating-substrate properties such as adhesion. This is followed by 
consideration of the uniformity of the deposited coatings and their application to varying 
materials. Notable with the differing substrates, is the continued fluctuation in the phase 
composition of the coatings observed in the previous chapter. The subsequent sections turn 
a brighter focus to the phase content of the coatings, the relative distribution of the α and 
beta- (β) Ta phases, and the transformation processes required to generate alpha- (α) Ta 
coatings. The knowledge gained from this is applied to results of adhesion and three-point 
bend testing of samples to further correlate the process with the phase and mechanical 
properties of deposited coatings.  
 
5.2 Coating ‘quality’ 
 
 Overview 
 
‘Quality’ is used here to describe coating characteristics that have been analysed 
through prepared cross-sectional analysis of deposited coatings through Scanning Electron 
Microscopy (SEM) and Energy Dispersive X-ray analysis (EDX). The characteristics 
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investigated as a measure of the ‘quality’ of the deposited Ta coatings include the coverage 
and density, the interfacial zone in terms of uniformity and potential interdiffusion of the 
coating and substrate, and interfacial defects such as porosity.  
 
 Results 
 
For comparison of deposited coatings, a commercial reference sample was cross-
sectioned and analysed (see Figure 5-1). The top left image in Figure 5-1 demonstrates the 
excellent conformity and uniform coverage of the Ta coating over a pressed region of the 
samples surface. The top right topographical backscatter image (Figure 53 (b)) indicates a 
uniform interdiffusion region of < 400 nm. No interfacial defects such as voids or pores can 
be observed at the interfaces in any of the micrographs. Porosity can be observed in the bulk 
of the coating in Figure 58 (c), almost forming a line at just below the mid-point of the 
coating. It is postulated that the Ta coating was deposited in two layers and this line forms 
the interface between subsequent Ta deposits.  
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Figure 5-1: Commercial reference Ta coated 316 cross-section micrographs showing conformity around 
substrate (a), interfacial region (b), and potential porosity (c)  
 
From early trials using the pilot-plant, through to more recent samples deposited 
using the new system, comparative fully dense and conformal coatings have been obtained 
that show reasonable uniformity and excellent coverage around sharp corners (see Figure 
5-2 (b)).  Samples had a visible interdiffusion layer at the interface with a reasonably 
consistent thickness of 200 – 400 nm (Figure 58 (c) and (d)). Interfacial porosity and defects 
were more variable, as noted in the optimisation study results most likely due to attack of 
the substrate surface by chlorides prior to Ta nucleation and were once again minimal when 
the optimised process was employed using the new deposition system. 
 
(b) (a) 
(c) 
100μm 1μm 
 
10μm 
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Figure 5-2: Ta coatings on 316 stainless steel cross-section micrographs showing measured thickness (a), 
variation around sharp corners (b), visible and measure interfacial zone (c) & (d) 
 
 Ta coatings on 316 stainless steel substrates have over the project duration 
demonstrated comparative properties to that of the commercial standard examined. The 
prominent issue addressed, was attaining this equivalence on mild steel components. Early 
trial deposition on higher carbon steels such as EN3B with 0.25%Cmax validated the literature 
assertion that the increasing carbon leads to adverse interfacial defects (Glaski, 1973; Béguin, 
Hovarth & Perry, 1977). Figure 5-3 highlights the extremely high level of porosity and voids 
and overall poor interfacial region of Ta coating on EN3B steel. 
 
10μm 
10μm 
10μm 
1μm 
(a) (b) 
(c) (d) 
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Figure 5-3: Early Ta coating on mild steel cross-section micrographs showing porosity and wide interfacial 
zone, and coating delamination (with permission from Cranfield University) 
 
 As well the pores observed, due to the early stage system and sub-optimal process it 
appears that the steel substrate has been corroded prior to deposition. The interdiffusion 
layer is also much wider, up to ≈ 5 μm in places, and these two factors combined lead to 
delamination of the coating as seen in the prepared cross-section in Figure 5-3. The initial 
positives taken from the deposited coatings however were that they continued to appear 
fully dense and has a purity from EDX analysis of 95 at.% Ta with residual carbon 
contamination.  
 From these early trials the process and equipment optimisation and development 
conducted has seen marked improvements in the quality of the interface between Ta 
coatings and alternate steel substrates. Equivalent interdiffusion layers of < 500 nm (Figure 
5-4 top right), have been obtained that show minimal porosity or voids present. Coatings are 
conformal around components geometries (see Figure 5-4). 
20μm 50μm 
250μm 
(b) (a) 
(c) 
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Figure 5-4: Improved Ta coatings on mild steel cross-section micrographs displaying minimal porosity or 
delamination and narrow interfacial zone (with permission from Cranfield University, bottom) 
 
Comparative ‘quality’ of Ta coatings on alternate carbon steels used in the chemical 
processing industry were obtained for subsequent mechanical and corrosion testing (see 
section 5.5.2). The cross-section micrographs show dual-layer Ta coatings on A105 0.35 
wt.%Cmax steel substrates that have also undergone varying heat treatments. The post-
deposition heat treatment could also be a driving force for increased diffusion between the 
coating and substrate. 
Whilst the atmospheric-pressure process showed good coverage and uniformity of 
the coatings, the switch to the new deposition system offered the ability for low-pressure 
(LP) processing. LPCVD in comparison to APCVD can offer improved step-coverage and 
conformity, although it can reduce the achievable deposition rate (Reese Jr, 1996; Pierson, 
1992). Early trials under the Innovate UK project compared the AP and LP deposited 
coatings and it was concluded that the LP coatings were of improved quality. Subsequent 
trials would predominantly use LP deposition but maintain the set optimal parameters. A 
(b) (a) 
(c) 
100μm 1μm 
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subsequent study to test the rigidity of the optimised process with varying pressure that had 
previously been a noise effect would be beneficial to test how the process parameter effects 
vary with varying pressure.  
The move from an atmospheric to a low-pressure process also had a notable effect on 
the microstructure of early deposited coatings. Comparative surface images of Ta coating on 
stainless steel under atmospheric pressure (Figure 5-5 (a) and (c) left) and mild steel under 
low-pressure (Figure 5-5 (b) and (d) right), show a reduction in grain size from 
approximately 10-20 μm to 1-2 μm, and rougher surface finish. The surface also shows 
incomplete coalescence and densification of the coating surface that is undesired as it does 
not from a complete barrier to any aggressive media ingress. 
 
 
Figure 5-5: Surface morphology of APCVD Ta on 316 (a) & (c) (with permission from Cranfield University) 
and LPCVD Ta (b) & (d) coating on mild steel 
 
The comparison of the two samples surfaces indicate incomplete surface coalescence 
of the Ta grains under the low-pressure system. The atmospheric pressure morphology with 
residual islands on the samples suggest an island or mixed growth mechanism (Rigsby, 
20μm 
25μm 
2μm 
2μm 
(a) (b) 
(c) (d) 
177 
1989).  This opposes the suggestion of Perry, Béguin & Hinterman (1980) that more smooth 
and dense structures could be produced by running under lower pressures. As the cross-
section demonstrate fully-dense coatings, this outer surface could also be a substrate-
induced effect, or non-transformation of zone 1/zone T structures from the Movchan & 
Demchishin (1969) model that can possibly be resolved through increasing temperatures 
(Perry, Béguin & Hinterman, 1980). 
Coating purity was evaluated using EDX analysis. Points within the coatings were 
analysed at a distance from the interface greater than potential interaction volumes, and at 
the interface region. The EDX indicated a highly pure Ta coating (90 at.%) with the 
remaining atomic % as primarily carbon contamination most likely due to surface 
contamination during preparation and handling, with additional traces of oxygen. No 
residual chlorine was detected in the coatings, unlike that seen by Suh et al. (2010) which is 
important for their employment as corrosion resistant coatings (Levesque & Bouteville, 
2004). 
The interfacial area shows many different species, still predominantly Ta by atm %, 
but also notable amounts of iron, chromium, carbon and oxygen.  Line scans across the 
interface show the dominant shift from Fe to Ta bulk, but also interdiffusion of alloying 
elements such as shown in Figure 5-6 below (figure (b) is reversed left to right compared to 
figure (a)).  
 
       
Figure 5-6: EDX line scan of Ta-substrate interface 
 
(a) 
(b) 
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Elemental maps produced displayed interdiffusion or mechanical transfer of alloying 
elements from the sample preparation process. Preferential affinity of oxygen for the steel 
substrates was seen both in the maps produced and in alternate line scans, not shown on 
Figure 5-6 above. Carbon as shown in the red trace showed preferential contamination of the 
Ta coating. Increased carbon levels were initially observed in the Ta coatings on mild steel 
substrates compared to those on stainless steel. This could be either increased 
contamination, or increased diffusion of the carbon from the substrate into the coating bulk. 
 
 Discussion  
 
The SEM/EDX results indicate fully dense, uniform and conformal coatings are 
deposited on stainless steel samples. Coatings more than 50 µm are attainable at high 
deposition rates. Coatings have high purity and feature an interdiffusion zone at the 
interface typically < 500 nm thick. This interface is believed to be dominantly tantalum 
carbide with iron-tantalum constituents due to the diffusivity of these species. The 
interdiffusion zone allows for excellent chemical adhesion of the coating and substrate and 
is only a cause for concern if it becomes too thick due to the brittle nature of TaC. Béguin, 
Hovarth & Perry (1977) suggest that adhesion does not seem to be affected by 1 µm thick 
TaC interlayers and is favourable to other intermetallic compounds such as Fe2Ta which 
offer less mechanical strength. Coatings deposited on stainless steel bars show similar 
morphology and composition in comparison to the Tantaline reference samples. 
Due to sample contamination and the large analysis volume during EDX analysis 
(approximately 2 μm wide at kV and current used) compared to the interfacial region of 
1μm, it is not possible to gain greater insight into elemental changes across the interfacial 
area using this analysis method. Whilst a general trend can be observed from the line scans 
and elemental maps, alternate techniques such as glow discharge optical emission 
spectroscopy (GDOES) could be used to depth profile the samples. This would provide a 
more accurate representation of the variation of composition through the coating and across 
the interface. GDOES is also capable of detecting hydrogen and this could elucidate as to 
any residual hydrogen in the as-deposited coatings that could lead to hydrogen 
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embrittlement. Hydrogen embrittlement can be prevented through a post-deposition anneal, 
similar to that used to perform coating phase transformations. Such heat treatments could 
increase interdiffusion between the coating sand substrate creating a larger interdiffusion 
layer for analysis as seen in Mugabi (2014) where the layer increased from < 0.5 μm to 3 μm 
between deposition temperatures of 850°C and 950°C, greater than the EDX resolution of 2 
μm at analysis settings used. Analysis of interface cross-sections could also be conducted 
using techniques such as Auger emission spectroscopy.  
The presence of cracks observed in the early trial coatings have undesirable 
implications for the corrosion resistance properties of the deposited coatings. The cracks 
could be due to stresses in the coatings arising from the mismatch in coefficients of thermal 
expansion between the substrate (12-16 µm/mK for steels) and the coating (6.5 µm/mK for 
Ta) as described in 4.3.5. Increased brittleness of the coatings and susceptibility to cracking 
during annealing, handling, and metallographic preparation could also arise from greater β 
phase content of the coatings with its higher hardness and reduced ductility.  
Coating quality during initial trials was reduced when applied to mild and tool steel 
substrates. Coatings were not as uniform and did not offer complete coverage of the sample 
surface. The deposited Ta is still reasonably pure, however, interdiffusion zones are much 
larger and an increase in oxygen was detected due to oxidation of the substrate material. 
Poor interfacial characteristics also extend to greatly increased porosity and an excess of 
voids which will greatly reduce the behaviour of the system. 
The porosity observed at the coating-substrate interface in many of the early samples 
analysed could be attributed to the ‘Kirkendall effect’, so named after Ernest Kirkendall for 
his work observing the inequality of diffusion rates between diffusion couples and the 
vacancy mechanism of diffusion. Glaski (1973), Spitz & Chevalier (1975), and Perry, Béguin 
& Hinterman (1980) in their work on Ta CVD deposits on mild steels noted Kirkendall 
porosity due to carbon diffusion away from the steel substrate. The diffusion of carbon into 
the coating also causes decarburisation of the steel substrate. 
The porosity increases with increasing carbon content and is also expected to 
increase with higher deposition temperatures. Any potential high-temperature annealing 
stage to remove any hydrogen or to promote phase transformation as described in 5.6.4 
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below, may also be counterproductive in terms of increasing the diffusion rates and 
increasing void formation.  
To combat both the detrimental interfacial brittle constituents and the porosity issues 
three possible solutions were identified: coating predominantly stainless steels, or those with 
a carbon content of < 0.08%, as is the current commercial standard, the use of interlayers 
such as titanium or nickel as barriers to diffusion, or lowering deposition temperatures 
(Béguin, Hovarth & Perry., 1977). None of these solutions were suitable to solve the problem 
at hand, and there is still need for post deposition heat treatment to combat β phase 
retention. Process refinement and iterative analysis for higher carbon content steels was 
instead used to minimise void density at the interface and produce interfacial zones and 
characteristics equivalent to those of Ta coated stainless steel samples. 
 
 Summary 
 
Analysis of as-deposited coatings demonstrates pure, fully dense, conformal coating 
on various substrates. Early high carbon containing steel substrates showed increased 
porosity and void formation, and larger interdiffusion layers compared to stainless steel 
substrates. Refinement of the Ta CVD deposition process and equipment had generated Ta 
coatings on mild steel substrates with comparable interfacial characteristics to Ta coated 
stainless steel that have historically been problematic (Béguin, Hovarth & Perry, 1977). 
Interdiffusion layer constituents have not been clearly identified, although are thought to be 
dominated by TaC and Fe-Ta intermetallic compounds. Whilst interfacial diffusion zones 
can promote chemical adhesion, the formation of brittle compounds such as TaC can lead to 
detrimental mechanical properties such as adhesion that are investigated later in this 
chapter. 
 
5.3 Uniformity 
 
Analysed cross-sections of early project samples seen in this chapter, and during the 
process optimisation trials in chapter 4, demonstrated measurable differences in coating 
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thickness across the samples surface. This was attributed to eccentricity of reagent gas feeds 
into the deposition chamber for both the previous small-scale system, and early 
configuration of the new deposition system. To attempt to minimise this variance and 
combat additional gas mixing issues in the new system, the H2 and Ar TaCl5 inlet feed lines 
were reversed, with the TaCl5 now being the internal feed line with H2 around the outside. 
This solution appeased much of the homogenous gas phase reactions at the chamber inlet 
causing inefficiency of the process as well as build up on Ta deposits and blockages of the 
gas inlet lines. It is not anticipated that this measure will prevent all deviations, and thought 
is being considered as to mechanisms that could be put in place to secure the position of the 
gas lines and aid the gas dispersion such as the ‘cone’ suggestion in section 3.3 and seen in 
Figure 22.   
Whilst the non-uniformity over the entire samples surface was undesirable, positives 
from the early trials were taken in the coverage around corners, seen earlier in section 5.2.2. 
With the shift from the early test pieces towards more complex mechanical and corrosion 
test pieces the ability to coat sharp corners and ensure full coverage over any imparted 
defects such as samples support holes or contact points would be a necessity to ensure 
integrity of the coating and prevent ingress of corrosive media and subsequent component 
failure in the end user’s applications.  
To test the uniformity of the deposited coatings X-ray fluorescence (XRF) testing was 
conducted at Cranfield University. XRF offers a non-destructive method of measuring 
coating thickness as a result of a detected X-ray intensity and the density of the coating 
material. Similar to the previous discussion regarding the use of bulk-Ta density values (see 
section 3.5.2) the value of 16.6 g/cm3 was used for this analysis. With the knowledge of 
deposited coatings phase compositions such a value may not be entirely representative of 
the actual coating density. Using a consistent density value for the Ta enables direct 
comparison of the results with the coating thickness estimates obtained by the mass-change 
method.  
The XRF analysis was limited to coating thicknesses of approximately ≤ 10 μm so not all 
deposited coatings could be tested, nor could later mechanical and corrosion test pieces with 
thicker Ta coatings. Above this limiting thickness, the precision significantly decreases 
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(ASTM, 2014). The analysis was however a useful indicator of residual fluctuations in the 
gas stream and coverage both around holes and down the length or longer test pieces 
representative of any reagent depletion in the deposition chamber. A summary of the XRF 
measurements of sample faces is presented in Table 5-1 to demonstrate the thickness 
fluctuations persisting from the pilot-scale plant (PP) despite gas flow modifications being 
made to the new scaled-up system, subsequently renamed at ATL as the ‘large vertical 
furnace’ (LVF) system. All samples presented in Table 5-1 were deposited at atmospheric 
pressure. Low-pressure samples were of too great a thickness to generate results and 
produced nil readings as did sample 2202-1. 
 
Table 5-1: XRF measurements 
Sample Substrate System   Calculated thickness (μm) XRF thickness (μm) 
    Side 1 Side 2 
2171-2 316 SS PP 6.8 3.0 ± 1.2 5.6 ± 1.3 
2202-1 316 SS PP 46.4 >10 >10 
2465-3 Mild steel LVF 0.9 1.2 ± 0.1 1.0 ± 0.1 
2475-2 316 SS LVF 11.5 3.5 - 6.3 4.6 - >10 
2479 Mild steel LVF 10.7 5.8 ± 0.8 2.7 ± 0.4 
 
 Varying substrate and system samples, apart from 2465-3, demonstrated severe 
fluctuation of coating thickness across faces by up to > 100% (sample 2479 in Table 34). 
Coating thicknesses also varied significantly from the calculated values. This is attributed to 
preferential thickness on sample corners as seen in section 5.2 Figure 59 (b), and density 
fluctuations with the phase content of the coatings. Sample 2201-1 for example has a 
calculated β-Ta phase content of 94% that would result in an effective coating density of 
16.86 g/cm3. The ASTM standard B568-98 (ASTM, 2014) establishes that variances in coating 
material density from calibration standards will result in corresponding thickness 
measurement errors. Discrepancies in the XRF measurements were demonstrated through 
cross-section and measurement of 2171-1. Sides 1 and 2 had measured values of 5 and 10 μm 
respectively compared to the measured values of 3 and 5.5 μm ignoring the measurement 
errors. The cross-section average of 7.5 μm was closer to that of estimated values from the 
mass-change method. The cross-sections however are only measured at one point over the 
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sample surface and could also be subject to variation and non-uniformity across the entire 
sample surface. 
 Whilst the accuracy of the XRF measurements cannot be confirmed, taking the 
obtained values as a comparative measure did allow for measurement of coating variation 
down the length of longer mechanical test specimens, and around imparted sample ‘defects’ 
such as holes. The measurement of sample length demonstrated a 1.5 μm fluctuation down a 
21.5 cm length that suggests a need for more suitable gas mixing to prevent precursor 
depletion near the gas inlets of the deposition chamber. The fact that there is a gradient 
along the sample length however suggests that test pieces that undergo a dual coating 
process, such as those for mechanical and corrosion testing seen later, should be flipped 
vertically between depositions to even out this variance. 
 For measurements around samples holes, measurements were taken at distances of 
0.5, 2 and 5 mm away from a 4 mm hole in sample 2479 in a north, south, east and west 
direction on both faces. From Table 5-1 above the relative coating thickness of each face was 
5.8 and 2.7 μm compared to the measurements obtained as shown in Figure 5-7 below. 
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Figure 5-7: XRF measurements around sample 2479 support hole of both faces at 0.5, 2, and 5 mm distances 
 
(a) 
(b) 
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 The measurements in Figure 5-7 show that coating thickness does tend to thin nearer 
to the edge of the hole. This is more pronounced on thinner coatings (the east arm on Figure 
5-7 (b) demonstrating a halved thickness) that did not have detectable coating at the 0.5 mm 
distance around the entire circumference (Figure 5-7(b)). For subsequent corrosion testing 
sample ‘defects’ such as holes will need to be uniformly and completely covered. Any voids 
or defects in the coating coverage would enable ingress of corrosive media and lead to rapid 
corrosion and failure of the test piece. If samples coatings are fully coherent across the 
surface for corrosion testing uniformity, provided the coating thickness is greater than 
potential Ta corrosion rates, is not an issue so additional works can be conducted to solve 
the inlet eccentricity and gas flow issues in the new system to generate a more reproducible 
coating process.   
 
5.4 Alternative substrates 
 
Prior to a more detailed review of the coating phase, and having considered coating 
properties, brief comment will be made as to the coating quality obtained on alternate 
substrates for varying applications. The photos below (Figure 5-8) show the external coating 
quality and coverage obtained on a selection of stainless steel fixings such as an M10 nut and 
bolt, and a ¼” Swagelok nut. 
 
 
   
Figure 5-8: Ta coatings on 316 M10 and ¼”fittings with step coverage of internal threads 
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Both the nut and bolt show good step coverage in the threads (see Figure 5-8) and of 
features present in the sample surface. The nut cross-section shows some regions of non-
uniform deposition and the uniformity and step coverage in such features can be improved 
with the shift of the process from AP to LP conditions. Excellent coverage has also been 
obtained on a valve body and bellows section demonstrating the compatibility of the process 
to typical mechanical components. More exotic combinations that have been trialled include 
Ta/WC multilayers on graphite, as an interface for polymeric Methylene Diphenyl 
Diisocyanate, and as an interlayer between C103 Nb alloy material and iridium coatings for 
improved thermal performance of bipropellant rocket thrusters. C103 is a niobium alloy 
used to manufacture current standard rocket thrust chambers however, the current iridium 
fluoride CVD deposition method generates detrimental hafnium fluorides that are brittle 
and cause delamination of the iridium coating. A current collaborative UK Space Agency 
funded project lead by the author is to begin imminently that will use the Ta coating process 
and LVF system to deposit Ta coatings on C103 thrust chambers to act as a barrier to such 
detrimental interfacial compound formation.  
The prevalence of β-Ta was observed in SEM cross-section analysis of varying 
sample support media including Mo, Nb and Ni-Cr wires and C string. This was to establish 
which may provide the best contacting surface during coating of corrosion test pieces to 
minimise any deficiencies in the coating at these points. The micrograph below indicates 
that Mo wire (Figure 5-9 (a)) provides the more uniform coverage and best interface 
(shadowing is apparent at the interface is due to sample preparation). This is in stark 
comparison to the Ni-Cr wire typically used (Figure 5-9 (c) & (d)), that demonstrate irregular 
thickness and observable β-Ta regions (lighter contrast areas as shown in Figure 2-7) that 
cause it to become brittle and delaminate from the substrate. Mo wire is therefore suggested 
as the preferred support medium for samples and Ni-Cr alloy wire should be avoided where 
possible. 
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 Figure 5-9: Cross-section micrographs of Ta coatings on (a) Mo wire, (b) Nb wire, (c) Ni-Cr alloy wire 
and (d) N-Cr higher magnification (with permission from Cranfield University) 
 
The β-Ta in Figure 5-9 (d) is identified through the lighter contrast region in the 
coating bulk, as shown by Myers et al. (2010). Correlation of this ability to visualise the 
phase distribution on varying substrates with other techniques is discussed in the next 
section. 
 
5.5 Tantalum coating phase constitution  
 
 Introduction 
 
As outlined in section 2.2 tantalum coatings have been shown to demonstrate a dual-
phase nature. The same can be said of the coatings deposited as part of this project. From 
early pilot process tests, X-ray diffraction (XRD) analysis of phase contents demonstrated 
variable β-Ta content and this trend continued noticeably through the process optimisation 
trials in chapter 4 where coating %fβ ranged from approximately 5 – 96%. Such differing 
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phase constitutions were also observed in the Innovate UK project on varying carbon 
containing substrates.  
The following sections outline noticeable trends in the preferential distribution of the 
relative α and β phases within the coatings, further elucidate relationships between the 
phase content and deposition parameters, and investigation into the phase transformation 
temperature and incorporation into deposition processes for conversion of the β to α Ta 
phase.  
 
 Tantalum coating phase distribution 
 
The effective X-ray penetration depth for ‘thicker’ coatings, as described in section 3.5.5, 
could lead to discrepancies in the phase fractions calculated. Preferential phase distribution 
can also impact the mechanical and subsequent corrosion performance of the coatings due to 
variability of the Ta phase properties. To provide clarity on these potential issues, it is 
necessary to understand the Ta phase distribution in deposited coatings. Traditional 
methods of doing so include HF-based etching of prepared cross-sections (see section 2.2). 
This is the initial approach taken at Cranfield University to see if equivalent optical phase 
determination could be made on early, non-optimal, 316 stainless steel and mild steel 
substrates (see Figure 5-10). Deposited coatings were compared with a commercial α-Ta 
reference sample.  
 
 
 
 
189 
   
 
Figure 5-10: HF-based etched cross-section of (a) 2202-1 Stainless steel, (b) 2202-3 mild steel and (c) Tantaline 
with scale bar of 20 μm (with permission from Cranfield University) 
 
The reference sample has previously been shown (section 3.5.4) to have an α-Ta phase 
content of > 97%. Due to the applications and industries to which this technology is 
marketed, Ta coatings would need to be α-dominant and mimic the bulk properties of Ta. 
Figure 5-10 (c) shows minimal lighter contrast regions in line with Myers et al.’s (2013) 
observations of optical properties of the β-Ta regions. A lighter region is barely visible at the 
interface with the stainless steel substrate, potentially being the bulk residual β-Ta from the 
phase constitution calculation or, more likely, indicative of the ‘surface alloy region’ (CVD 
Equipment, 2019), or  referred to here as the interdiffusion layer. 
Comparatively, the as-deposited Ta coating on 316 stainless steel in Figure 5-10 (a) 
indicates an α-Ta dominant coating with β-Ta randomly dispersed through the coating and 
at the surface. The commercial reference sample is known to undergo an annealing stage not 
used on the as-deposited sample that could explain the difference in residual β phase 
content. The mild steel sample on the top right of the image clearly indicates dominance of 
the β-Ta at the coating surface with lesser amounts distributed in the coating. The β-Ta 
(a) (b) 
(c) 
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surface region fluctuates over the surface between ≈ 1 – 7 μm in depth. This surface 
thickness is within the effective XRD penetration depth so would potentially affect the 
relative intensities of the phases detected, and subsequent phase content calculations.  
It can also be noted from Figure 5-10 that whilst the HF-based etchant can be used to 
reveal the different phases, it can also cause considerable damage to the underlying 
substrate, particularly for higher carbon steels. This removes any additional information 
regarding interfacial quality that could be obtained from prepared samples.  Due to this 
effect and the hazardous nature of hydrogen fluoride and related compounds, an alternative 
oxalic acid based etch was trialled. A solution based on this material would present a far less 
hazardous approach to microscopic analysis of tantalum coatings. The results of these trials 
on the same samples as those etched with the HF-solution are presented in Figure 5-11 
below. 
 
  
 
Figure 5-11: Oxalic acid based etched cross-section of (a) 2202-1 Stainless steel, (b) 2202-3 mild steel and (c) 
Tantaline with scale bar of 50 μm (with permission from Cranfield University) 
 
(b) (a) 
(c) 
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It has been shown that the oxalic acid-based etchant also generates the contrast 
difference seen for the HF-solution. The Ta coated mild steel micrograph (Figure 5-11(b)), 
has an almost identical appearance and distribution to that in Figure 5-10 showing 
preferential β-Ta at the coating surface. The Ta coating on stainless steel (Figure 5-11(a)), no 
longer has the potential β phase near the surface, but maintains the random distribution 
observed in the coatings. Interestingly, the commercial reference samples had a lighter 
contrast line at approximately one-third of the coating thickness. This correlates to a line of 
porosity seen at an equivalent location (Figure 5-1 (c)). It is postulated that the > 80 μm thick 
commercial coating is deposited in two stages and this could be contaminants at the coating-
coating interface, or preferential β-Ta deposition that has not been fully transformed upon 
subsequent annealing. Dual coatings deposited for the mechanical and corrosion test were 
analysed to see if this was a recurring trend in multilayer Ta coatings (see Figure 5-12 
below). 
 
 
Figure 5-12: Oxalic acid-etched cross-section micrographs of samples (a) 2515, (b) 2517, (c) 2521 all on A106A 
carbon steel and (d) Tantaline on stainless steel. (with permission from Cranfield University) 
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The oxalic acid-etched Ta coated A105 carbon steel samples ((a), (b), (c) in Figure 5-12 
above) were between 70 – 80 μm in thickness and underwent a post deposition heat-
treatment (see section 5.6.3) and had β-Ta phase compositions of ≈ 30% after heat treatment. 
All three micrographs show an equivalent lighter contrast line running through the coating 
at the interface between the first and second coating process. This is equivalent to the 
commercial reference sample (d). This coating-coating interfacial region could be β phase Ta 
if it nucleates on an oxidised Ta underlying layer, although similar nucleation effects were 
not observed on the steel samples that had been exposed to air after cleaning during loading 
into the deposition system. Alternatively, it could also be contaminants or compositional 
differences such as those seen in the interfacial region of micrographs Figure 5-12 (a), (b), 
and (c). It is unclear at this juncture as to the exact cause, but both of these possibilities 
would have a detrimental effect on coating performance. Either β-Ta or potential carbides 
and other intermetallic compounds, would inhibit the ductility of the coating and could 
cause failure or fracture.  Levesque & Bouteville (2004), note that contamination of the 
substrate surface, with the previous Ta coating layer being the substrate, is a dominant 
factor in α or β-Ta nucleation (Levesque & Bouteville, 2004). Additional study on the surface 
contamination prior to deposition would be beneficial to further clarify the surface 
composition effect on phase nucleation. There would be an inherent difficulty however of 
ensuring surface cleanliness after sample preparation during loading into the deposition 
chamber.  
As stated above, all deposited samples are estimated to have a β-Ta content of 30% after 
heat treatment. For this figure to be affected by the effective penetration depth it would be 
expected that the micrographs in Figure 5-12 above would show the similar surface 
preference for the β-Ta on mild steel as per Figure 5-11 (b). Unfortunately, the A105 
substrate material undergoes preferential etching and subsequent staining of the Ta coating 
layer making distinguishing the lighter β phase difficult. Figure 5-12 (b) does show some 
lighter regions at the surface that would correlate to that in Figure 5-11 (b). 
The oxalic acid-etched cross-sections in Figure 5-11 also demonstrate a reduction in grain 
size at the substrate side of the interface. This is especially noticeable on the Ta coated 
stainless steel samples (top left). The reduction in grain size can be accompanied by an 
increase in the yield strength through the Hall-Petch effect. The strengthening is based on 
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the principle that the increased grain boundary areas act as obstacles to dislocation motion 
in the material. There is a less noticeable effect on the mild steel substrates in comparison to 
the stainless steel, although the substrate – Ta interface shows pre-deposition corrosion 
defects.  With both samples produced using an equivalent process, the mechanism for and 
effect of this variation in interfacial grain size reduction remains an avenue of further work 
for consideration.  
Electron backscatter detection (EBSD) is an additional tool for assessing any potential 
discrepancy between the phase content and distribution within the coatings, and the β phase 
content calculated from XRD data. Correlation of optical micrographs with EBSD pattern 
quality and Euler orientation maps could not only elucidate any preferential distribution but 
could also validate the use of oxalic acid- etchants as being adequate for use on Ta coatings, 
negating the need for HF-based solutions. An alternative method would be to sequentially 
polish the surface of non-cross sectioned samples and conduct XRD scans as a function of 
depth. Comparative diffraction patterns could then be obtained, and phase content 
fluctuations noted. Such an iterative method would however be labour intensive, still subject 
to the effective X-ray penetration depth and pose additional metrology issues with accurate 
determination of the amount of material removed.  
Whilst not completed within the course of the project, initial investigations into the 
application of EBSD techniques have been undertaken by other researchers in the University 
of Surrey’s Department of Mechanical Engineering Sciences. Taguchi screening study 
samples 5 and 6 were provided for analysis in the prepared cross-sectioned and mounted 
condition. These two samples were selected as they demonstrated the extremes of β phase 
content at 5% and 92% respectively.  
Initially, the β-Ta proved difficult to index. It was thought this could have been due 
to preparation defects of the sample although there was no such difficulty indexing the cubic 
α phase. As such, it was determined that the reduced pattern quality was due to the β Ta 
structure. At longer exposure times it was possible to define the β-Ta phase and generate 
Kikuchi patterns similar to simulated patterns seen in Figure 3-11. Figure 5-13 below 
compares the simulated β phase pattern with that collected during the analysis. 
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Figure 5-13: β-Ta Kikuchi diffraction patterns (Marshall, 2019) 
 
Figure 5-13 demonstrates the capability of EBSD to detect the β-Ta phase. The ability 
to accurately index the β phase was a significant gateway to additional evaluation of phase 
distribution within the deposited coatings. Analysis of Sample 6 that has a suggested β-Ta 
dominant structure from the XRD analysis, is shown below in Figure 5-14 that features the 
pattern quality and α /β-Ta Euler orientation maps. In these figures, the stainless steel 
substrate is at the left edge of the images and not shown with the presented data area 
demonstrated by the dashed region in the schematic below. 
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Figure 5-14: (a) SE Image, (b) Pattern Quality map, (c) β-Ta Euler Orientation map and (d) α-Ta Euler 
Orientation map (Marshall, 2019) 
 
From the pattern quality map of Figure 5-14 (b)  it is evident that the α-Ta dominates 
the interfacial region whilst the bulk of the coating is β-Ta. This is verified in the Euler 
orientation maps for the α phase (Figure 71 (c)) and β phase (Figure 71 (d)). Residual 
indexing difficulties can be seen through the large grain at the top of both Euler maps that is 
meant to be β-Ta. Whilst additional time and work is required to refine the EBSD analysis, 
Figure 5-14 goes some way to indicating correlation of the XRD phase compositions 
obtained with the sample clearly showing a β-dominant structure. The preferential 
positioning of the α-Ta phase in Figure 5-14 also suggests agreement with the oxalic acid 
and HF acid-based etched micrographs seen in Figure 5-11 and Figure 5-12 whereby the β-
Ta is observed away from the coating-substrate interface. The relative size of the α and β 
grains also tends to the argument presented by Yohannen (2001) that β-Ta grains are 
(a) (b) 
(d) (c) 
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significantly larger that α-Ta grains as opposed to the suggestion by Nnolim (2003) that they 
are 45% smaller. 
The apparent preferential positioning of the α  phase at the interface also contradicts 
existing literature on the growth and positioning of the β phase for sputtered coatings 
described in 2.2 where β-Ta is observed to nucleate at the interface and grow in needle like 
structures into the coating (Gladzuk et al, 2004; Myers et al., 2013)). This could suggest the β-
Ta formation for APCVD coatings is not purely a surface effect, or if it is, that additional 
factors such as atomic diffusion or process temperatures cause transition of the phases after 
deposition even without a post-deposition heat treatment, that was not used during the 
process optimisation trials.  
The observation of the distribution of β-Ta observed in the oxalic acid-etched 
stainless steel sample in Figure 5-11 also shows agreement with EBSD data for the α-
dominant sample. Figure 5-15 below shows the Euler and reconstructed orientation maps 
((a) & (b)), and the pattern quality and Euler orientation map ((c) and (d)) of the presented 
data area represented in the image below with the substrate on the right hand edge and 
observed in Figure 5-15 (c) and (d). 
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Figure 5-15: (a) α-Ta Euler orientation map, (b) Reconstructed EBSD map, (c) Pattern quality and (d) Euler 
orientation map (Marshall, 2019) 
 
The Euler and reconstructed orientation maps of the coating ((a) and (b)), in Figure 
5-15 above highlight the unindexed regions as either black or white areas. These areas are 
taken to be the β-Ta regions and are clearly minimal in comparison to the dominant α-Ta 
observed. The minimal α-Ta content is further shown through an enlarged pattern quality 
and Euler orientation map of the coating with the substrate on the right hand side of the 
maps in Figure 5-15 (c) and (d) with very few unindexed ‘black’ regions visible. Where they 
are visible, they are distributed through the coating thickness without a discernible pattern 
similarly to the etched micrographs and without any preference as observed in sputtered 
films. 
The EBSD analysis conducted, whilst only preliminary, has already demonstrated its 
viability to be able to index the β phase and visualise the relative distribution of phases in 
(a) (b) 
(c) (d) 
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the as-deposited Ta coatings. The initial observation also corroborates the use of the oxalic 
acid etchant and optical microscopy for phase distribution evaluation. This is a significant 
step-change in analytical procedure from the use of HF-based solutions that are extremely 
harmful with the requirement of special precautions and procedures to enable their use. It 
also poses potentially more questions than it answers as to the nucleation and growth of the 
β phase. This is still a highly contested area in current literature as established in chapter 2 
and suggests that there could also be a relationship with the deposition method used.  
It was initially assumed the β phase in deposited coatings would be either (a) 
uniformly distributed through the coating thickness, or (b) at the interface similarly to 
sputtered Ta coating (Myers et al., 2013). The results demonstrate correlation of assumption 
(a) for stainless steel samples that saw random distribution of the β phase in both etched 
micrographs and the EBSD pattern maps in Figure 5-11 and Figure 5-15. These results 
confirm that the β phase compositions calculated in chapter 4 for optimisation study 
samples are valid. Samples were not affected by the effective penetration depth of 3.68 μm 
as outlined in section 3.5.4 
 Conversely, the Ta coatings on higher carbon steel substrates tend to show 
preferential distribution of the β phase at the outer surface for mixed phase samples, or in 
the bulk of the coating as per Figure 5-15. β-rich mixed phase coatings of > 3.68 μm on 
alternate steel substrates could therefore be subject to distortion of accurate phase content 
determination using the XRD and area (cts) method employed in this study. Additional 
work to refine the EBSD analysis could offer a more reliable technique.  
The data obtained during the optimisation study in chapter 4 also suggests a 
transition point of approximately 80% β-Ta composition to display the magnitude shift of 
HK values. This relationship was also based on the assumption of uniform β-Ta distribution 
in the deposited coatings. From the micrographs and EBSD, and as the results plotted were 
average HK values from 3 indents, the prevalent trend suggests that this effect is not a 
results of randomised phase impact, but a property of the coating phase contents. HK 
measurement of heat-treated cross-sections would be an interesting comparison and 
highlight the issues relating to HK variation due to sample mounting and preparation 
issues. 
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 Having demonstrated that the XRD method outlined in section 3.5.4 for phase 
content of deposited coatings on stainless steel is reliable, additional thought is given in the 
next section to the variation of the calculated phase composition with deposition 
parameters. Comparison is also made to phase proportions obtained on alternative carbon 
containing substrates, although such results are potentially inaccurate for the preferential 
distribution outlined above. The preferential phase distribution observed could also have 
notable implications for the mechanical properties of the coatings produced due to the 
harder, less ductile nature of the β phase being more susceptible to cracking and adhesive 
failure than the α phase. 
 
 Tantalum coating phase composition 
 
The preceding sections have all described fluctuation in the phase content of deposited 
coatings and the inability to consistently tailor them through the statistical DOE 
methodology employed in chapter 4 without additional studies being conducted. As 
described in section 2.2, the noted trends in literature suggest a dependence on deposition 
temperature (Bernouilli et al, 2013; Shiri et al., 2017), coating thickness (Cristea & Crisan, 
2014; Myers et al., 2013), or impurities (Schauer & Peters., 1975; Catainia, Roy & Cuomo, 
1993). As yet, no conclusive singular rationale has been presented, particularly for coatings 
deposited by CVD, and the mechanisms for the formation and transformation of the β phase 
remain disputed (Guo et al., 2018; Myers et al., 2013; Javed & Sun, 2010; Liu et al., 2016; 
Catainia, Roy & Cuomo, 1993; Shauer & Peters, 1975). The phase distribution trends 
observed in the previous section would suggest that the notion of nucleation and retention 
at the interface does not hold for all scenarios encountered, and more complex interacting 
mechanism are at work.  
The exhaustive list of potential β-Ta formation and growth mechanisms are not dealt 
with in the present study. Instead, an approach was adopted whereby β-formation was 
expected and the process could be adjusted to alleviate and tailor the phase properties of the 
deposited coatings as seen in chapter 4. Substrate surface composition has not been 
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specifically studied, but deposition temperature, along with gas flows, position, and 
substrate materials have been considered. 
 The statistical relevance of the Taguchi screening study results was limited by the 
discounted interaction effects described in section 4.3.5, and highlighted Cl2 flow as the only 
factor with a noticeable impact on the responses. Improvement was seen in the RSM 
optimisation phase where factors affecting the β phase composition and Knoop hardness 
were found to be the H2 and Ar flows. Deposition temperature and position were the factors 
with the greatest effect on the deposition rate.  
 Considering purely the response of the β phase content, the Taguchi and RSM study 
average factor trends (Figure 4-10 (b) and Figure 4-22 (b) in chapter 4) can be combined to 
produce trends with DOE factors over the investigated design space (x-axis). 
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Figure 5-16: Mean factor effects on β-Ta phase content (a) Deposition temperature (b) H2 flow (c) Cl2 flow (d) 
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Bernoulli et al. (2013) note that, for sputtered PVD films at least, increasing the 
substrate surface deposition temperature promotes α-Ta formation. As can be seen in the 
average factor trend in Figure 5-16 (a), it appears that α-Ta is promoted with increasing 
temperature to a point, but β-Ta content increases with further increases in deposition 
temperatures. It can be remarked however that the average β phase composition at this high 
deposition temperature boundary fluctuated between an average of 52 and 93% for the 
Taguchi and RSM study respectively. This suggests that the trend observed in Figure 5-16 
(a) is highly dependent on other process parameters that enable precursor generation, 
supply and movement in the deposition system. This is affirmed through the consideration 
of the nature of this trend for an Arrhenius relationship for both phases in chapter 4.  
 Considering the hydrogen reagent flow in Figure 5-16 (b), a general downward trend 
in β phase content can be observed with increasing gas flow. This trend was consistent 
across both stages of the study and shown to be the dominant factor for β phase content 
through the multi-response statistical optimisation. Similar decreasing β phase coating 
content with increasing Cl2 and Ar flows as well as position were also observed (see Figure 
5-16 (c) (d) and (e)). 
These observations, along with the suggested optimal factor levels from the 
statistical analysis, were used to define the process parameters to be transferred to the 
increased deposition system. Initial trials were conducted, and the process further refined to 
produce subsequent mechanical and corrosion test pieces. It can be noted that switching 
from an atmospheric-pressure system to a low-pressure one did not produce a noticeable 
difference in the inherent phase variability of deposited coatings but were beneficial to 
overall coating quality (see section 5.2). Inconsistent variation of the β phase content was 
also observed between stainless and carbon steel samples. Suh et al. (2010) identify that on 
steel substrates Ta CVD coatings tend towards β-dominance. Ellis et al. (2016) and Feinstein 
& Hutterman (1973) note that substrates more readily prone to oxidation generally promote 
the formation of the β phase. Carbon steel substrates tended to show slightly higher β phase 
compositions that would agree with these statements, although the phase dispersion affects 
that could skew the phase calculations cannot be excluded as to make a definitive statement.  
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Without definitive understanding of the mechanisms for the growth, control or 
distribution of the β phase in deposited coatings, additional measures are required to ensure 
the α-Ta phase content. Considering the primary application under consideration for 
corrosion resistant coatings of internal and complex geometries, the α phase is preferred due 
to its enhanced ductility. Taking the metastability of the β-Ta and the thermally induced 
transition it undergoes to the α phase, there is the requirement for an additional post-
deposition heat treatment of the deposited coatings. The next section details the 
investigation into the phase transition temperature required. 
 
 Tantalum coating phase transformation 
 
5.5.4.1 Introduction 
 
From the deposited coatings it has been demonstrated that the β-Ta phase both forms, 
and is retained, at deposition temperatures greater than some literature values for the β→α 
transition temperature of > 800°C. Combined with the inability to accurately control or 
predict the β phase content using the statistical DOE results, an additional processing step is 
therefore required to produce desired α-Ta coatings. To create a process that is both as 
efficient and economical as possible there exists the need to identify the heat treatment 
temperature and time requirements to induce the β→α transition. To do so, two differing 
approaches were made, and these are presented in the following sections.  
 
5.5.4.2 Heat treatment and XRD analysis 
 
As part of the collaborative project with Cranfield University both Ta coated mild and 
stainless steel samples (2171-1 and 2202-1 respectively) were sequentially vacuum heat 
treated for 1-hour between 750 – 950 °C in 50°C increments, and then analysed using XRD to 
establish the residual phase content using Equation 4. Initial α phase contents for the 
samples were 27% and 6.2% respectively showing both to be β dominant and in need of heat 
treatment to transform to α-dominant structures. Figure 5-17 below shows the XRD patterns 
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generated at Cranfield University after 1-hour heat treatments at the stated temperatures 
with correlating phase contents in Table 5-2, with the sequential patterns for the Ta coated 
carbon steel on the left, and Ta coated stainless steel on the right. 
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Figure 5-17: Diffraction patterns of Ta coated carbon steel (right) and stainless steel (left) after successive heat treatments showing reduction in β-Ta peaks and increase in α-Ta peaks (with 
permission from Cranfield University) 
206 
Table 5-2: β-Ta phase content of coatings after varying heat treatments 
 2171-1 2202-1 
As-deposited 27% 6.2% 
750°C 28% 10% 
850°C 34% 12% 
950°C x 1 hr 62% 88% 
950°C x 2 hr 62% 85% 
 
Initial comments suggest that the as-deposited coatings show preferential β-Ta 
coatings and variability of the phase composition as seen in chapter 4. Little change is 
observed in the coating phase constitution upon heat treatment below 850°C. This 
temperature is significantly higher than many documented transformation temperatures 
(Gou et al., 2018; Javed, Durrani & Zhu, 2016; Grosser & Schmid, 2009; Knepper 2007). Upon 
further heating to 950°C, a significant jump in α phase content is observed. This is 
particularly apparent in the difference between the bottom two diffraction patterns for 2202-
1 in Figure 5-17 (right) above. These patterns exhibit a significant reduction in the intensity 
of the β-Ta (411) (410), and (002) peaks and increase in the intensity of the α-Ta (200) and 
(211) peaks. The dominant peak shifts from the β-Ta (411) peak at approximately 40°, to the 
α-Ta (110) peak at approximately 38° to generate a pattern more closely resembling the α-Ta 
reference pattern. These shifts relate to a of β→α transition of 66% as outlined in Table 5-2 
between heat treatments at 850°C and 950°C.  
The transition temperatures of > 850°C agrees with the range of 800-1000° suggested 
by Schwarz et al. (1972), Goncharov et al. (2017), and Myers et al. (2013). One of the 
suggestions in literature for increased transition temperature as mentioned in chapter 2, is 
that residual oxygen in the coatings retards the transformation (Knepper, 2007; Frank et al., 
2011). Varying oxygen or other contaminant content between the stainless and mild steel 
samples could potentially explain the variance observed in the transformed α phase content 
values. There could also be diffusion effects due to carbon content that inhibit the 
transformation process. The difference could also be attributed to varying coating thickness 
as the stainless steel sample (2202-1) was almost eight times greater than that for the mild 
steel (2171-1) at 46 µm and 6.5 µm respectively. 
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Whilst the exact reasoning for the differential phase transition observed are an area 
requiring further investigation, it can be noted that the coating in either case does not 
transform fully to the α phase. Indeed, no further transformation is observed at an annealing 
temperature of 950°C upon heating for an additional hour. In fact, the α-Ta phase 
apparently decreases in Table 5-2 for the stainless steel samples. This is not the case, but 
merely an example of the variances obtained by calculation using the area (cts) method and 
generated XRD data using Equation 4. The null effect of additional heat treatment time in 
impacting the Ta phase transition can be seen in oxalic etched optimal cross-sections of the 
heat treated stainless steel sample in Figure 5-18 below.  
 
 
Figure 5-18: Oxalic etched cross-section of Ta coating on 316 after varying heat treatments showing reduction 
in lighter contrast areas of β-Ta (with permission from Cranfield University) 
 
There is no apparent change in the contrast of the coating regions at 950°C between 1 
and 2 hours annealing time. Interestingly, the location of the β-Ta phase in this coating is at 
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the interface more similar to the distribution observed in literature than suggested in the 
EBSD and phase distribution presentation in the previous section, with some small areas 
dispersed in the coating bulk. Upon examining the previous cross-section at room 
temperature, 750 and 850°C however, the α-Ta (darker regions), resides at the interface and 
the coating bulk is comprised of β-Ta (lighter regions). The lighter region in the bulk of the 
coating can clearly be seen to decrease upon heat treatment until the largest shift in contrast 
from 850-950°C. It would not be expected that α Ta would transform to the β phase, or that 
the β phase would migrate to the interface. It is therefore suggested that the contrast at the 
interface is due to the variable interfacial composition and interdiffusion layer described in 
5.2.3. It can also be remarked that this layer does not appear in Figure 5-18 to vary in 
thickness upon heating from room temperature to 950°C. This suggests that such annealing 
times and temperatures do not promote detrimental interdiffusion layer growth and carbon 
diffusion from the substrate. The lighter regions visible in the coating bulk are the β-Ta 
phase, and correlate with the EBSD Euler orientation maps in Figure 5-15.  
Based on the heat treatment and XRD data, a post-deposition anneal of > 950°C for 1 
hour is suggested to ensure α-Ta composition. The annealing time has been shown to make 
no difference and is not a factor in the β→α transition within the timeframe studied 
although Knepper, Stevens & Baker (2006) identify that the phase transition is highly time 
dependant. An additional equivalent study of the vacuum heat treatment and phase content 
of coatings for smaller durations of time such as 5 minute intervals could be used to further 
pinpoint the optimal annealing time and speed of the tantalum phase transition. Such a 
study would, much like that undertaken, be reasonably time intensive and laborious. These 
sequential studies are also only able to be conducted at discrete time intervals and not 
continuously as to accurately identify the peak transition temperature. A method of doing so 
that was attempted was differential scanning calorimetry that is presented in the following 
section.   
 
 
 
209 
5.5.4.3 Differential Scanning Calorimetry analysis 
 
In attempt to more accurately and expediently identify the β→α phase transition 
temperature in the Ta CVD coatings DSC analysis was conducted. As shown by Knepper 
(2007), DSC can detect the exothermic peak indicative a sputtered tantalum 400nm film 
undergoing the βα phase transition and it was hoped it could do so for the comparatively 
thicker CVD coatings. 
Due to the sample restrictions for the analysis, DSC trials were conducted on Ta foils 
deposited on chamber furniture during deposition processes that could be easily sectioned 
to fill the DSC analysis pans with samples masses in the 25 – 50 mg range. The Ta foil used 
in the analysis was deposited on the inward chamber facing surface of the graphite heat 
shield.  It was easily removed due to a brittle interface with black residues observed and 
assigned as residual carbides. The Ta foil was analysed using XRD in the same bracket set 
up as for the larger coated substrates between 30 – 80° 2θ to produce the diffraction pattern 
in Figure 5-19 below.  
 
 
Figure 5-19: Ta foil diffraction pattern showing dominant α and some β Ta peaks 
 
The diffraction pattern in Figure 5-19 was matched to α and β Ta reference patterns 
and phase composition calculated to produce a β-Ta phase content of 18%. This is much 
lower than the samples tested after vacuum heat treatments. Due to the limited use of this 
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approach and the comparatively low β phase, the chances of detecting the phase transition 
were deemed to be fairly low. This assumption was proven to be correct when the first 
analytical results (see Figure 5-20) produced no detectable peaks and negligible mass 
change. 
 
 
Figure 5-20: SDT trial 1 results with no visible peaks 
 
Another possible reason for the lack of apparent peak in Figure 5-20 was that the 
transition temperature exceeded the analysis range of 1000°C. Taking the suggestion of 
inclusions or contaminants regarding the transition, it could be feasible that the foils with 
unmeasured contaminants and predicted higher carbon contents may require increased 
temperatures. Undeterred, a second trial was conducted that increased the temperature 
analysis range from 1000-1200°C resulting in Figure 5-21 below. 
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Figure 5-21: SDT trial 2 results showing two detected peaks at approximately 600°C and 950°C 
 
In contrast to Figure 5-20 the second trial yielded two discernible peaks within the 
original room temperature - 1000°C range. The exothermic peak at approximately 600°C 
(Figure 5-22 left), correlates to existing literature regarding the oxidation of tantalum carbide 
at a temperature of 598°C (Brar, Singla & Pandey, 2016; Brar, Singla & Pandey, 2015). The 
14.5% mass gain observed in the thermogravimetric trace solidifies this suggestion in 
agreement for the conversion of tantalum carbide to tantalum oxide (Brar, Singla & Pandey, 
2016; Brar, Singla & Pandey, 2015). A considerable amount of carbide would be anticipated 
due to the depositing graphite substrate surface. The second peak at 950°C (Figure 5-22 
right), does not match existing literature regrading carbide formation and correlates with the 
transition temperature suggested in the heat treatments. This suggests a rapid exothermic 
βα transition with an onset temperature of 940°C and an enthalpy of 18.5 J/g. 
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Figure 5-22: DSC Exothermic peaks at (a) 600°C and (b) 950°C  
 
The results obtained from the DSC analysis closely agree with those form the 
vacuum heat treatment and XRD analysis. Both suggest a post-deposition heat treatment of 
approximately 950°C for 1 hour to produce α-Ta CVD coatings. The use of DSC as a tool for 
identifying the phase transition has also been corroborated from the only previous example 
found in literature from over 10 years ago (Knepper, 2007). 
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 Summary 
 
It has been demonstrated that an oxalic acid-based etchant can be used in place of 
hazardous HF-based solutions to demonstrate with optical microscopy the phase 
distribution in Ta CVD coatings. Optical micrographs demonstrated a preference for β-Ta at 
the surface of Ta coatings on mild steel substrates and dispersed in the bulk on stainless steel 
coatings. The commercial reference showed an interfacial region in the coating, suggesting a 
two-stage deposition process. 
EBSD was investigated as a tool to index and map the phases in Ta coatings on stainless 
steel. For high %fβ coatings the α phase was seen to dominate the interfacial region with β-
Ta making up the bulk and surface of the coatings. For high %fα coatings, the β-Ta was seen 
to be randomly dispersed though the coatings in agreement with the optical micrographs. 
Phase content has been shown to vary, even under ‘optimal’ deposition conditions, with 
the mechanisms for β-Ta formation and control still not well understood. The lack of clarity 
means that to ensure α-Ta coatings a post deposition heat treatment must be used and this 
has been shown through vacuum annealing and DSC analysis to need to be performed at a 
temperature of at least 950°C. Increasing treatment time from 1-2 hours had no effect on the 
transformation. 
Understanding the phase characteristics of the deposited coatings in relation to the 
process and substrate materials used is an essential steppingstone to reproducible and 
controllable Ta coatings with the desired phase properties. These phase properties are 
inherently linked to the performance of the coating in service. Phase content, distribution, 
and transformations, along with their effect on mechanical properties, have also been 
investigated as a function of single and dual layer Ta coatings on a variety of substrates as is 
observed in commercial samples.  
Tantalum coatings have been deposited on both stainless and carbon steels for precision 
adhesion testing, and A105 carbon steel components for three-point bend testing at 
Cranfield University. The double-layer coatings have been generated with varying stages of 
the heat treatment defined above, or none at all, to investigate any preference for α/β-Ta 
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composition at the coating - coating interface as well as how it impacts the mechanical 
performance as follows in the next section.  
 
5.6 Mechanical performance 
 
 Overview 
 
The ‘quality’ and phase characteristics of deposited coatings were correlated with 
their mechanical properties through adhesion and three-point bend test methods. 
Relationships between how the coatings were deposited, and the substrate material they 
were deposited on, with the results providing further optimisation of the deposition process 
towards the development of Ta coatings for carbon steels of varying carbon content.  
The interfacial diffusion observed can promote chemical adhesion between the 
coating and substrate but can also demote it if it creates a performance limiting region of 
brittle compounds.  Although the process optimisation used an ‘as-deposited’ finish for the 
preferred surface finish, S/N ratios demonstrated minimal deviation between the as-
delivered and roughened surface conditions. Due to the provided materials having an 
existing surface coating requiring removal all samples were grit-blasted and cleaned prior to 
deposition. Typically, surface roughening can promote the mechanical adhesion of the 
coating to the substrate with a higher surface roughness leading to increased adhesion 
(Matějíček et al., 2013). 
 
 Adhesion testing  
 
Earlier in this chapter, as well as during the process optimisation in chapter 4, 
various issues relating to the interfacial characteristics and phase content of deposited 
coatings have been addressed. Both of these properties can have a detrimental effect on the 
adhesion of the coating to the substrate, or even between Ta coatings layers as seen later in 
section 5.6.3. The mechanical adhesion between the coatings is promoted through grit-
215 
blasting of samples prior to deposition but is not quantifiably investigated via pre-
deposition surface roughness measurements. 
To further investigate the effect of thermally induced phase transformation and 
substrate material, precision adhesion (PAT) testing was used as outlined in 3.5.7. This 
method was selected as the equipment was available to be used, and comparative data for  
the Tantaline™ Ta coating was available that detailed a bond strength ‘at least as high as the 
baseline adhesive’ (CVD Equipment Corporation, 2019) quoted as being 10000 – 12000 PSI 
(69 – 83 MPa) for the FM1000 adhesive. The reference sample was PAT tested at Cranfield 
University at 29, 34 and 39 MPa respectively. Coating delamination was observed at the 
highest applied pressure with visible transfer of material onto the dolly surface that was 
confirmed to be tantalum through XRF analysis.  
Comparative tests on early deposited coatings attained similar results with the 
FM1000 epoxy tending to fail prior to coating delamination. Some localised coating transfer 
was observed, although at different pressures than for the commercial reference samples. 
Sample geometry and surface roughness was identified as the cause for varying adhesion of 
the test piece to the sample. Although the applicable pressure varied is was qualitatively 
determined that the as-deposited coatings gave an equivalent performance to that of the 
commercial sample. 
Further PAT testing was conducted on a series of samples of varying composition 
and deposition process as shown in Table 5-3. Samples were tested both pre- and post-heat 
treatment and on both stainless and alternate steel substrates for comparison. 
 
Table 5-3: PAT testing results 
Sample Substrate Process %fβ  Pressure (MPa) Failure observed 
2424-1 316 SS APCVD PP 100% 56 Yes 
  + 1hr HT 8% 41 No 
      
2488-1 316 SS LPCVD LVF 95% 55 No 
  + 1hr HT 31% 67 No 
      
2488-2 Mild steel LPCVD LVF 98% 55 No 
      
2515 A105 LPCVD LVF + 1hr HT x2 33% 84 No 
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 Sample 2424-1 was deposited at atmospheric pressure on the pilot system. Initial 
phase content was estimated to be 100% β-Ta and when tested the sample exhibited notable 
delamination (Figure 5-23 (a)) whereby material can clearly be seen to have been transferred 
from the samples onto the test dolly. After a subsequent 1-hour heat treatment as defined in 
section 5.5.4, the β-Ta phase is reduced to 8% and the coating no longer exhibits 
delamination and transfer (Figure 5-23 (b)). Sample 2488-1 that had been deposited under 
low-pressure on the new system demonstrated a similar response to heat-treatment in the 
reduction of the β-Ta phase from 95 – 31%. No delamination was however observed during 
either test despite higher applied pressures, suggesting that the AP – LP process transition 
benefits the adhesion of the sample. 
 
                
Figure 5-23: PAT test results of Sample 2424 before (a) and after (b) heat treatment showing significantly 
reduced coating delamination and transfer (with permission from Cranfield University) 
 
 The improved ‘quality’ of coatings under LP in the new system is confirmed by the 
response of sample 2488-2, despite being on a typically worse substrate material for 
adhesion (Béguin, Hovarth & Perry, 1977). Sample 2488-2 on mild steel did not exhibit 
delamination to an equivalent pressure as samples 2424-1 prior to heat treatment despite 
having similar phase contents. Equivalent performance was also obtained to sample 2488-1 
(b) (a) 
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on stainless-steel that had been deposited simultaneously. This concurs with the 
improvement in interfacial characteristics in section 5.2.2 to show that comparable 
properties of the developed Ta coatings on higher carbon steels have been obtained. Further 
demonstration of this comes from the PAT test results of sample 2515 that is a three-point 
bend test sample that has undergone optimal processing. Although maintaining a residual 
33% β-Ta content the highest pressure was recorded prior to FM1000 failure with no 
delamination or damage to the coating observed.   
 The PAT testing results confirm the effectiveness of the defined heat treatment stage 
as not only a mechanism for phase transformation, but also as a means of improving the 
mechanical properties of the deposited coatings. Β-Ta phase content does not however 
appear to be a defining factor relating to the adhesion of the deposited coatings, particularly 
if it has an affinity for segregating to the surface on higher carbon steels as seen in section 
5.5.2 is thought to cause premature failure compared to uniform β phase through thickness 
distribution.  
 
 Three-point bend testing 
 
5.6.3.1 Outline 
 
Three-point bend testing was selected as the preferred technique to both examine the 
behaviour of the coating upon applied stress, and to determine the strain to be applied to C-
ring stress corrosion test specimens presented in chapter 6 as a function of the failure strain. 
A bespoke three-point best test arrangement was prepared at Cranfield University as per 
ASTM E290-14 with 40 mm diameter bottom rollers. See section 3.5.9 for an image of the 
arrangement with an uncoated test specimen. This was coupled with acoustic emission 
sensors to audibly detect failure of the coatings anticipated to be observed prior to visual 
failure. Strain gauges were attached to the samples and used to correlate the strain to the 
applied load at acoustically detected failure. 
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5.6.3.2 Preparation of samples 
 
An A105 carbon steel 6” blind flange was provided by the collaborative industrial 
end user operating in the chemical processing industry, representative of actual plant 
materials used on their site. The flange was machined at Cranfield University into 21.2 x 2.2 
0 x 0.6 cm plates that were provided to the author for subsequent low-pressure tantalum 
coating in the large deposition facility. A thickness of > 0.5 cm was selected to be 
representative of the wall thickness of pipelines used in chemical processing plants. The 
plate samples were vertically hung in an optimal determined position from the inlet. Where 
two-layer (bi-layer) Ta coatings were applied samples were flipped 180° vertically to 
alleviate any small thickness fluctuations down the chamber due to precursor depletion 
such as those seen in the XRF results in 5.3. Varying coating combinations and stages of heat 
treatment were employed to investigate the effect on the mechanical response of the coating 
under test, Table 5-4. 
Table 5-4: Three-point bend test samples 
Sample Substrate Ta Thickness (µm) Ta coating process (CVD + HT) 
2478 Mild Steel 16.3 LP-Ta 2h 
2511 A105 36.0 LP-Ta 2h + 1h HT  
2515 A105 70.0 (LP-Ta 2h + 1h HT) x 2 
2517 A105 69.0 (LP-Ta 2h + 1h HT) x 2 
2521 A105 80.0 (LP-Ta 2h) + (LP-Ta 2h + 1h HT)  
2526 A105 54.0 (LP-Ta 2h + 1h HT) + (LP-Ta 2h) 
 
Comparative processes show single layer coatings both with (2511), and without 
(2478), a post deposition heat treatment. This heat treatment is conducted after each layer 
deposition for 2515 and 2517, or only after the first (2526), or second (2521), Ta layer is 
deposited. Single layer coatings were 16.3 and 36 µm respectively. The increase in coating 
thickness is not attributed to the additional heat treatment step, but refinement of the 
process and understanding of the behaviour of the larger deposition equipment in the two-
months between depositions.  Bi-layer Ta coating thicknesses varied between 54 – 80 μm 
and micrographs of cross-section taken after the testing were presented in section 5.5.2 in 
discussion of the phase distribution effects.  
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5.6.3.3 Testing 
 
Samples were tested as per the arrangement previously described. The strain gauges 
were fixed to the coated samples with epoxy resin and associated cabling was soldered on to 
the coating surface. This proved problematic due to the surface texture and an additional 
study of the surface topography and roughness would be beneficial for future consideration 
of adhesion characteristics. Stain gauge output voltage was measured and converted to 
strain. Initial testing measured the background acoustic noise for removal from subsequent 
cracking events in test results. This noise was dominated by the test machinery itself that 
was measured between 45 – 67dB so this was selected as the baseline noise for crack 
detection. The next phase was to determine the yield point of the Ta coated A105 steel 
samples as a measure of the properties and for use in determining applied C-ring strain. 
Thirdly, the test data was used to correlate the deposition process in terms of single/bi-layer 
coating and heat treatment stage(s) with the responses obtained. 
 
5.6.3.4 Results 
 
Test results are presented for each sample as listed in Table 5-4. Beginning with 
sample 2478, this was an alternate carbon steel test piece used to test the system 
arrangement. This sample had a single Ta coating of 16 μm without a post-deposition heat 
treatment. The sample was bent to 90° although cracks were visually observed during the 
early stages of deformation and the failure load was 1.3 kN. Acoustic sensors detected these 
events above the standard background level as shown in Figure 5-25 (a).The compressive 
and tensile surface of the sample showed noticeable differences in failure as shown in Figure 
5-24 below. 
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Figure 5-24: Sample 2478 after three-point bend test showing cracking on both the tensile and compressive 
surface (with permission from Cranfield University) 
 
Extensive crazing of the sample can be seen on both faces. The tensile surface 
showed transverse cracks running along the face of the samples whereas the compressive 
surface showed longitudinal cracking under SEM analysis.  
Sample 2511 that was a similar single layer Ta coating on A105 steel that had 
undergone a post-deposition heat treatment. The yield point was determined to be 2.3 kN 
although the test was taken to 4 kN at which point visible cracking was only on the tensile 
surface of sample.  
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Figure 5-25: Acoustic emissions detected for 2478 (a) showing displaying events above background  and 2517 
(b) showing no events above background (with permission from Cranfield University) 
 
Figure 5-25 (b) in comparison shows no audible failure of sample 2517. This was a 
twice coated and heat treated A105 substrate. A yield point of 2.2 kN was determined, 
showing an increase in comparison to an uncoated A105 steel test piece that exhibited at 
yield point of 1.7 kN. The acoustic emission for the uncoated test piece showed audible 
events at or near the yield point, but not throughout the testing as in Figure 5-25 (a). This 
confirms that the acoustic events detected were failure of the Ta coating. 2517 was deformed 
through 90° as shown in Figure 5-26 with no visible signs of failure.  
  
 
Figure 5-26: Sample 2517 under test (with permission from Cranfield University) 
(a) 
(b) 
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Sample 2515 underwent an equivalent two-stage deposition process showed the 
same performance to that of 2517, with a yield point of 2.2 kN, and no cracking heard or 
observed upon testing to 4.8 kN. Cracking was however detected in the interfacial region 
after subsequent cross-section analysis (see Figure 5-27). The interdiffusion zone is 
comparatively thick (≈ 5 μm) and suggests brittle interfacial compounds such as TaC are 
present. The interfacial cracks observed were a result of loading beyond the yield point and 
components in normal service would not be anticipated to encounter such loads. 
 
 
Figure 5-27: Sample 2517 cross-section after testing with visible cracks in interfacial zone (with permission 
from Cranfield University) 
 
Samples 2521 and 2526 were both bi-layer Ta coatings, but with opposing single heat 
treatment stages either between or after Ta depositions. Both of these samples exhibited 
delamination failures either during testing (Figure 5-28 (a)), or prior to it after samples were 
couriered from ATL to Cranfield University (Figure 5-28 (b)).  
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Figure 5-28: (a) Sample 2521 and (b) 2526 showing coating failure (with permission from Cranfield University) 
 
 The failure of samples 2526 prior to testing occurred at the coating-coating interface. 
Comparatively, sample 2521 failed at the Ta coating - A105 substrate interface after testing 
with a yield stress of 2.1 kN with noticeable acoustic emission events. The delamination 
observed on the compressive surface in Figure 5-28 (top) was accompanied by delamination 
and loss of sections of coating material from the tensile surface. This lost material was tested 
using XRF to confirm the Ta - A105 interfacial failure. 
 
5.6.3.5 Discussion 
 
The results obtained during the three-point bend testing demonstrate a clear 
correlation of the coating failure depending on the deposition process used. The bi-layer Ta 
coatings with accompanying heat treatments after each deposition is the optimal process for 
preventing delamination and failure. When considering the resultant cross-sections of these 
samples discussed in section 5.5.2, it is difficult to distinguish any visible difference between 
the Ta – Ta coating interface for samples 2515 and 2517 that underwent this optimal process, 
with 2551 that had a single heat treatment after both coating processes and suffered 
subsequent failure at along this intersection. The cracking observed in the interfacial region 
could also relate to residual tensile stresses in the deposited coatings. With the staining from 
the underlying A105 substrate and inability to accurately identify the β-Ta phase 
(a) 
(b) 
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distribution and qualitative content it cannot be ascertained whether the heat treatment did 
not effectively transform any interfacial β-Ta that could have caused the weakness. XRD 
analysis would not provide sufficient indicative phase content information due to the 
increased coating thickness, but such cross-sections could employ the established EBSD 
analysis to identify phase distributions in the bi-layer coatings at varying stages of heat 
treatment. 
 
 Summary 
 
Comparative adhesion during PAT testing was obtained by Ta coated stainless and 
mild steel under this project with commercial reference samples. The adhesion of the coating 
with demonstrated to improve following a heat treatment as defined in the previous section 
that reduced the β phase of the coating by two thirds. Three-point bend testing 
demonstrated that dual-coatings with both an intermediary and final heat treatment 
performed could be deformed through 90° without visual or audible detection of failure. 
This was compared to singularly heat treated coatings that failed at differing interfaces 
depending on the process that had been used.  
 
5.7 Concluding remarks 
 
Fully dense, high purity, and coherent coatings have repeatably been produced on 
stainless steel substrates. When the project was in its infancy, prior to process and 
equipment development, coatings on higher carbon containing substrates demonstrated 
similarly high density and purity, but also severe detrimental interfacial porosity and broad 
interdiffusion zones in line with observations in previous studies (Glaski, 1973; Béguin, 
Hovarth & Perry, 1977). With process optimisation and a greater understanding of the gas 
flows and substrate positioning in the new deposition system such defects have been 
minimised and comparatively narrow interfacial zones with minimal porosity are repeatably 
produced on higher carbon containing substrate materials.  
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Improvements in coating quality characteristics were also observed with the switch 
from an atmospheric to a low-pressure process without any detrimental impact on 
obtainable deposition rate. Deposited coatings demonstrate improvement in uniformity, 
good coverage of surface defects/features, and viable step-coverage over varying substrate 
geometries. 
 The interdiffusion zone has not undergone full compositional analysis due to the 
analytical tools used in the present study. The analysis that has been demonstrates the 
interdiffusion of the Ta and steel alloying elements across the coating-substrate interface and 
no residual chlorine has been detected in the coatings compared to some Ta CVD coatings in 
the literature (Suh et al., 2010) that would inhibit the intended performance of the deposited 
coatings for corrosion resistance. Interdiffusion zone thickness and constituents remains a 
concern, along with β-Ta phase composition for the mechanical properties of the deposited 
coatings. 
The interdiffusion zone thickness is also a function of the post-deposition heat 
treatment used to accomplish the β→α phase transition. Increasing annealing times could 
increase diffusion of substrate constituents, and subsequently decrease interfacial strength. 
The required heat treatment temperature and duration to enable the phase transition was 
identified by vacuum annealing and XRD analysis to be ≥ 950°C. This transition temperature 
was validated through detection of the exothermic transition peak at the equivalent 
temperature through DSC analysis and optical micrographs of annealed cross-sections. The 
vacuum annealing also identified no change in phase composition from a 1 to 2 hour 
annealing time. This suggest a 1 hour post-deposition heat treatment is sufficient to create an 
efficient process, but this could be further improved by investigation the transition at 
smaller time increments. If the β→α phase transition is time dependent, as suggested by 
Knepper (2007), further work can help to define the transition period. 
Pre and post phase transformation, the α and β phases in deposited coatings have 
been observed in cross-sections etched using HF and oxalic acid-based solutions. The 
equivalent optical properties of the micrographs presented demonstrate that the hazardous 
HF solutions can be replaced. The micrographs also suggest preferential distribution of the α 
and β phases in deposited coatings that differ from the trend in sputtered coatings for 
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interfacial β-Ta dominance. β-Ta on higher carbon steels tends to show a preference for 
locating at the coating surface, whilst it is more randomly distributed throughout the bulk 
on stainless steel substrates. Bi-layer coatings exhibit a contrast at the Ta-Ta coating interface 
that requires further investigation to identify if it is β-Ta formation on the coating-coating 
boundary, or potential contaminants. EBSD is one tool that can do this, having been 
demonstrated to be capable of indexing both the α and β Ta phases. EBSD patterns validate 
the optical micrographs on stainless steel to show β-Ta randomly dispersed through the 
bulk for α-dominant coatings. β-dominant coatings show β-Ta comprising the bulk of the 
coating, and α-Ta can be observed to dominate the coating-substrate interfacial region in 
opposition to what is observed in sputtered Ta coatings. This observation shows that XRD 
can still be skewed on thick coatings where the effective penetration depth would be 
shallower than this α-Ta rich region. 
The α-Ta preference at the interface, even for β-dominant coatings, has positive 
implications for the adhesion of the coatings in minimising brittle interfacial β-Ta. The 
adhesion of the deposited coatings on both stainless and higher carbon steels has been 
demonstrated to be comparable to that of commercial Ta coated stainless steel. Adhesion is 
shown to improve with the use of the post-deposition heat treatment to reduce β phase 
content in the coatings. 
The use of the post-deposition heat treatment has also been investigated with the 
application of single and bi-layer Ta coatings. Three-point bend testing with acoustic 
emission demonstrated that the use of a two-stage Ta coating with post-deposition heat 
treatment produced ductile coatings with no detected failure. Proof of the viability of this 
optimal processing is demonstrated in the following chapter by taking this sample, that has 
been bent though 90°, and immersing it in 37% hydrochloric acid. This forms part of the 
series of immersion and C-ring corrosion tests conducted to further investigate the process 
and performance of the Ta coatings developed and validate their capability for use in the 
intended service environment. 
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6 Tantalum coating corrosion performance 
 
6.1 Introduction 
 
The previous chapters have described the process development and correlating 
properties of the deposited tantalum (Ta) coatings. To complete the interconnected coating 
triad, it is necessary to consider the coating performance of the Ta coatings in representative 
service environments. For coatings of internal pipelines and fittings in the chemical 
processing industry, this representative media was defined as 37% aqueous HCl, in which 
tantalum would be anticipated to demonstrate a ‘nil’ corrosion rate of < 0.0254 mm/yr (< 1 
MPY). 
This chapter describes the initial series of static immersion testing conducted to evaluate 
the corrosion resistance of the deposited coatings. Corrosion rates for tested samples were 
calculated as a function of the mass loss of the sample in accordance with ASTM standard 
G31-12a (ASTM 2012) and evaluated with regards to the deposition process used and the 
substrate material. Following the static immersion tests, C-ring corrosion testing was 
conducted on stressed samples to evaluate the representative operational performance as a 
function of single/duplex Ta coating processes. 
 
6.2 Hydrochloric acid static immersion testing 
 
 Overview 
 
37% aqueous HCl room temperature (‘cold’), and ‘boiling’ 80°C static immersion tests 
were used as initial indicators of the corrosion resistance of deposited coatings and for 
go/no-go tests prior to subsequent loading of the C-ring test samples. Test samples varied 
from those deposited early in the project using the atmospheric-pressure pilot plant, to A105 
bend test specimens after deformation near its end. Comments are made as to the shift in 
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corrosion behaviour seen in the coatings, paralleling the improvements in coating properties 
and process refinement in the previous chapters. 
 
 ‘Cold’ HCl immersion testing 
 
In the project’s infancy prior to maturation of the process understanding initial 
corrosion testing of Ta coated stainless steel 8 x 1 x 0.2 cm strips (see Figure 6-1) did not have 
encouraging results. 
 
 
 
Figure 6-1: Ta coated 316 plate before (top) and after RT HCl immersion testing (bottom) showing large-scale 
destruction of the steel substrate (with permission from Cranfield University) 
 
The figure above is a stark reminder of the potential catastrophic failure that can occur 
due to coating failure. Though seeming insignificant for a small test strip of steel as above, it 
is potentially disastrous for commercial production, local environments, and all local 
lifeforms if this were to be a sizable component such as a storage tank or distillation tower at 
a multi-national chemical processing plant. With this is mind, the project gathered pace in 
earnest, and improvements were seen with varying 316 stainless steel components as in 
Figure 6-2 below that suffered less catastrophic failure. 
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Figure 6-2: Ta coated 316 cylinders showing no corrosion (left), and corrosion after RT HCl immersion testing 
(right) (with permission from Cranfield University) 
 
Localised corrosion had occurred in the area around one of the weld joints in the 
sample on the right leading to failure. In comparison, an equivalent Ta coated stainless steel 
sample on the left of Figure 6-2 showed no sign of corrosion after 4-hour emersion in the RT 
HCl although mass changes were not recorded for corrosion rate calculations.  
Additional room temperature immersion testing in 37% HCl was conducted on both Ta 
coated stainless Figure 6-3 (middle & right), and mild steel Figure 6-3 (left), using the new 
system under varying process pressure. The mild steel washer shows discolouration and 
had a calculated corrosion rate using Equation 8 of 2.56 mm/yr (101 MPY) for a Ta thickness 
of 6 μm (see Table 6-1). The stainless steel sample, in comparison, appears cleaner due to 
removal of surface contaminants and had a reduced corrosion rate of 0.92 mm/yr (36 MPY) 
for a coating thickness of 20 μm (see Table 6-1). 
 
      
Figure 6-3: Ta coated mild steel (left), and 316 stainless steel (right), before and after 37% HCl immersion test 
(with permission from Cranfield University) 
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Table 6-1: Immersion test results 
Sample 
ref. 
Substrate 
material 
Coating 
process 
Thickness 
(μm) 
Test 
Mass 
loss (g) 
Corrosion 
rate 
(mm/yr) 
Corrosion 
rate  
(MPY) 
2477-3 316 SS LP Ta CVD  20 1 hr RT 0.00099 0.92 36 
2474-3 0.12%Cmax 
MS 
AP Ta 
CVD 
6 1 hr RT 0.00291 2.56 101 
2510-1 316 SS LP Ta CVD 
+ 1hr HT 
27 1 hr RT 0.00097 0.0914 3.6 
2510-2 0.12%Cmax 
MS 
LP Ta CVD 
+ 1hr HT 
14 1 hr RT 0.00276 0.260 10.2 
 
With further process refinement of the new deposition system, a magnitude 
improvement was obtained in the relative corrosion resistance of the stainless and mild steel 
Ta coated samples (see Table 6-1). Following a single low-pressure deposition process and 
heat treatment samples 2510-1 (316 stainless steel) and 2510-2 (0.12%Cmax mild steel) had 
relative corrosion rates of 0.091 mm/yr (3.6 MPY) and 0.26 mm/yr (11.4 MPY) after 1 hour 
immersion testing in room temperature HCl. The mild steel sample initially was unreactive 
but then slowly evolved hydrogen, and the solution went a pale green due to iron entering 
into solution from the substrate. The poorer performance of 2510-2 was attributed to a defect 
on the surface due to the sample support wire used. For both boiling HCl and C-ring 
corrosion tests, full coverage with no such defects or points of ingress is required. Whilst a 
nearly 10 times reduction in the corrosion rate was obtained, they were still greater than that 
of the comparative ‘nil’ corrosion rate for both solid Ta and commercially available Ta 
coatings on stainless steel.  
An intermediary step from the immersion testing conducted on the washer and plate 
samples was to test deformed samples prior to the C-ring pre-stressed tests (see section 
6.3.3). The 3-point bend test samples presented in section 5.3, are 0.12-0.3%Cmax steel 
substrates and had varying processing conditions demonstrated to have a significant impact 
on coating properties. Sample 2478, on the right of Figure 6-4 below, had a single LP Ta CVD 
process without a post deposition heat treatment and exhibited severe crazing with acoustic 
detection of cracking events. Such failures would be anticipated to create routes of ingress 
for the corrosive medium to the substrate below leading to significant corrosion. As 
expected, this is shown through the discolouration of the corrosive medium and sample 
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surface, bubbles, and pitting corrosion on the underlying substrate seen in Figure 6-4 (top 
and bottom right). Both samples have been taped at the ends where sensors had been placed 
during the mechanical testing that may have damaged the coating and otherwise skewed 
the results by allowing the HCl vapour to attack the underlying steel. 
 
    
                 
Figure 6-4: 1h cold HCl corrosion test results of 2517 (a) showing no discolouration and minimal substrate 
damage and 2478 (b) indicating corrosion (with permission from Cranfield University) 
 
Comparatively, sample 2517 on the top left of Figure 6-4 above underwent the 
preferred two-stage LP Ta CVD and 1 hour heat treatment process that did not display 
audible or visual failure during the 3-point bend testing. The sample did not demonstrate 
any visual sign of corrosive failure. Condensation can be observed on the sample surface but 
the HCl solution remains untainted from substrate devolution. No corrosion is seen of the 
substrate in the bottom left micrograph, however interdiffusion layer cracking like that 
observed in section 5.6.3 can be seen. The relative corrosion of samples 2478 and 2517 
(a) 
(b) 
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marries with the increase in mechanical performance as a result of the implementation of the 
heat treatment stage seen in chapter 5. 
The corrosion resistance of deposited Ta coatings was also tested on alternate substrates. 
These were the Mo and Nb wires presented in 5.3 and shown in before and after cross-
section micrographs in Figure 6-5 below. 
 
 
Figure 6-5: Mo (a) and Nb (b) wire micrographs before and after immersion in HCl for 1h indicating 
corrosion/thinning of theta coating on Mo (with permission from Cranfield University) 
 
During testing for 1 hour, no bubbling or discolouration of the corrosive media was 
observed, and the cross-sections demonstrate minimal damage to the coating or substrate 
wires. This resistance to the room temperature HCl observed, as well as the magnitude 
improvement obtained on the stainless and mild steel samples seen in Table 6-1, provided 
the foundation in confidence to progress to ‘boiling’ HCl immersion tests as detailed in the 
subsequent section. 
 
 
(a) 
(b) 
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 Boiling HCl immersion testing 
 
Whilst the room temperature tests described above are an indicative go/no-go test 
capable of spot checking a coating for potential defects that could lead to failure, it is not 
truly representative of the process environment in which they are intended to operate. To 
mimic this for the chemical processing industry, the corrosive media should be heated 
beyond its boiling point to simulated operational temperatures. For 37% HCl in water this is 
approximately 50°C, and a test temperature of 80°C was used for both these and subsequent 
C-ring tests. Based on the literature presented in 2.2, solid tantalum at this temperature 
would be ‘immune’ to corrosion and demonstrate a ‘nil’ corrosion rate of < 1 MPY.  
Sample 2510-1, a single Ta coating on 316 stainless steel with a post-deposition heat 
treatment has a corrosion rate of 0.091 mm/yr under RT testing (see Table 6-1). Considering 
a nominal Ta coating thickness of 80 μm as per the commercial reference sample, this would 
lead to complete corrosion of the coating in 10 and half months. The performance of the 
coating further degrades upon testing in 80°C 37% HCl for 1 hour. Under these conditions 
the corrosion rate more than tripled to 0.289 mm/yr (11.4 MPY) and total loss of the nominal 
commercial Ta coating thickness of 80 μm due to corrosion would occur in a little over three 
months. The 27 μm actual Ta thickness of the sample would be gone in just over a month. 
 These tests indicated that the deposited coating for 2510-1 was still below optimum 
to provide adequate corrosion performance. Additional process refinement incorporating 
dual Ta coating layers displayed another marked improvement in the corrosion resistance of 
unstressed C-ring samples in the boiling HCl. These results are presented in the next section. 
 
6.3 C-ring stress corrosion testing 
 
 Overview 
 
The industrial end user (IEU) operating in the chemical processing industry (CPI) 
involved in the project identifies stress corrosion cracking as the primary failure mode for 
steel pipework under high temperature. C-ring corrosion testing as per ASTM standards 
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G38-01 (ASTM, 2013) was identified as the most representative testing of the service 
environment to provide an indication of operating performance. Preparation of the samples 
is presented as the culmination of the equipment and process refinement and the 
information garnered from mechanical testing in chapter 5 to produce Ta coatings on A106b 
pipeline steel with the desired properties. The performance of these coatings is then 
presented and evaluated. 
 
 Preparation of samples 
 
2” A106b 0.3%Cmax carbon steel pipe was provided by the IEU to allow for direct 
evaluation of the deposited coatings on actual CPI plant materials. The pipe sections were 
machined into C-rings as per ASTM G38-01 (ASTM, 2013) for a ‘constant strain’ 
arrangement (ASTM, 2013), see Figure 6-6. The C-rings were chamfered on internal and 
external edges adding an additional complexity to the coating coverage (see Figure 6-7). 
 
 
Figure 6-6: Constant stress arrangement and C-ring engineering drawing (ASTM, 2013 and with permission 
from Cranfield University) 
  
For the constant strain arrangement shown in Figure 6-6 above, a solid tantalum bolt 
is positioned through symmetrical holes in the sample to which a torque is then applied via 
tightening of a solid tantalum nut. Tantalum and glass-filled PTFE washers were used to 
minimise any potential damage to the coating during application of the torque. The torque 
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to be applied would ideally be approximately 90% of the related stress for failure obtained 
during the three-point bend testing in section 5.6.3. In reality, the applied torque would be 
less than this value (70%) as the solid Ta bolt has a lower torque rating. An image of the 
prepared C-ring specimens can be seen in Figure 6-7 showing the chamfered edges and the 
through holes for applying the strain during testing. 
 
 
 
Figure 6-7: Machined C-ring samples 
 
Four test samples as shown in Figure 6-7 were produced for subsequent Ta coating. 
Three of the four C-ring samples underwent the optimal bi-layer LP Ta CVD deposition and 
heat treatment method to promote thick α-Ta coatings with excellent adhesion. The 
remaining sample received a single-stage LP CVD and 1-hour heat treatment process for 
comparison (see Table 6-2). Coated C-rings are shown in Figure 6-8 and demonstrate 
excellent coverage and uniformity over the entire sample surface. Edge chamfers and holes 
appear fully covered with no visual defects apparent.  
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Table 6-2: C-ring sample reference table 
Sample 
reference 
Abbreviated 
reference 
Substrate 
material 
Coating process Thickness 
(μm) 
2539-C1 C1 A106b 0.3%Cmax LP Ta CVD + 1hr HT (x2) 30 
2539-C2 C2 A106b 0.3%Cmax LP Ta CVD + 1hr HT 27 
2543-C3 C3 A106b 0.3%Cmax LP Ta CVD + 1hr HT (x2) 64 
2543-C4 C4 A106b 0.3%Cmax LP Ta CVD + 1hr HT (x2) 65 
 
 
 
   
Figure 6-8: Ta coated C-ring samples 
 
As strain gauges could not be used in the corrosive media during testing, slip discs 
were used to quantify the applied stress as a function of the deformation gap (see Figure 
6-9). From these tests a deflection gap of 1.88 mm was found to be equivalent to the yield 
point of the material. Samples for subsequent immersion in the HCl were therefore torqued 
to give this equivalent deflection gap. The strain recorded for the applied load of 3 kN was 
found to be almost identical to the 0.2% recorded for sample 2521 during the three-point 
bend tests showing comparable performance of the A105 and A106b substrates.   
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Figure 6-9: C-ring strain gauge and slip disc measurement of deformation gap (with permission from Cranfield 
University) 
 
To ensure no coating defects were present prior to stressing, samples underwent 
static immersion testing as described in the previous section. This test would prevent 
distortion of the C-ring test results through premature failure due to lack of coating quality. 
Having undergone this test, samples were torqued to the desired stress as per Figure 6-10. 
Initial aims were to stress the samples to 70% of the yield stress, equivalent to a deflection 
gap of 1.32 mm. Due to one sample prematurely failing at this stress, later samples were 
stressed to 35% of yield for initial testing, and the stress then gradually increased. 
 
 
Figure 6-10: Stressed C-ring sample (with permission from Cranfield University) 
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 In the stressed state shown in Figure 6-10, samples were loaded into the test 
apparatus as per Figure 3-15, section 3.5.10. Samples were suspended via the Ta bolts with 
the arced solid section under stress submerged in the HCl solution. Masses were recorded 
both before testing and immediately after removal from the apparatus, and mass-loss 
calculated. This enabled corrosion rates to be calculated for tested samples as per the results 
of both stressed and non-stressed testing presented in the next section. 
 
 Test results 
 
The four samples outlined in Table 6-2 were tested at room temperature and 80°C in 
37% aqueous HCl solution for 1 – 73 hours under varying stress states as per Table 6-3. A 
summary of the mass losses recorded, and the subsequent calculated corrosion rates is 
presented in Table 6-3 on the following page with those ‘acceptable’ of < 1MPY and those 
‘unacceptable’ of > 1 MPY identified in green and red respectively. 
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Table 6-3: C-ring sample corrosion test results summary 
Sample 
ref. 
Coating 
process 
Coating 
thickness 
(μm) 
Temperature 
(°C) 
Immersion 
time (hrs) 
Applied 
stress (% 
yield stress) 
Surface 
area 
(cm2) 
Mass loss 
(g) 
Corrosion 
rate 
(mm/yr) 
Corrosion 
rate (MPY) 
C1 LP Ta CVD + 
1hr HT (x2) 
30 RT 1 0% 56 0.003700 0.19 7.48 
80 1 0% 102.5 0.001230 0.0633 2.49 
80 4 0% 102.5 0.001987 0.0225 0.89 
80 10 0% 102.5 0.003389 0.0174 0.69 
80 18 0% 102.5 0.003086 0.0088 0.35 
80 26 0% 102.5 0.000709 0.0014 0.06 
80 31 0% 102.5 0.000846 0.0014 0.06 
C2  LP Ta CVD + 
1hr HT  
27 RT 73 70% 102.5 0.014222 0.01 0.39 
   80 8 70% 102.5 7.2260 46.36 1825 
C3 LP Ta CVD + 
1hr HT (x2) 
64 RT 1 0% 102.5 0.000618 0.0317 1.25 
80 1 0% 102.5 0.000618 0.0317 1.25 
80 8 0% 102.5 0.000920 0.0059 0.23 
80 15 0% 102.5 0.000818 0.0028 0.11 
80 23 0% 102.5 0.001255 0.0002 0.01 
80 31 0% 102.5 0.000846 0.0014 0.06 
C4 LP Ta CVD 
+1hr HT (x2) 
65 RT 65 35% 102.5 0.002153 0.0017 0.07 
80 10 35%     
   80 14 70% 102.5 0.003000 0.011 0.43 
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The first of the samples tested, sample C1, had undergone the ‘optimal’ double LP Ta 
CVD and heat treatment coating process, but had a coating thickness of 30 μm, 50% thinner 
than comparable samples C3 and C4. C1 underwent unstressed testing in both RT and 80°C 
HCl. After 1 hour at RT, the sample exhibited a 0.19 mm/yr (7.48 MPY) corrosion rate, yet 
during a 31 hour test in the boiling HCl the corrosion rate dramatically decreased from 0.063 
mm/yr (2.5 MPY) to 0.0014 mm/yr (0.06 MPY) (see  Table 6-3). The obtained corrosion rates 
display an equivalent performance of the sample to bulk-Ta when exposed to equivalent 
corrosive media. The initial mass loss and associated higher corrosion rate is possibly due to 
removal of oxide scales and surface contamination during the initial RT test.  
 C2 had a single Ta coating treatment and a coating thickness of 27 μm. C2 was 
stressed to 70% of yield (1.32 mm deflection gap) and underwent 73 hour RT immersion 
testing. Over this test duration the sample demonstrated a  ‘nil’ corrosion rate of 0.1 mm/yr 
(0.4 MPY) (see Table 6-3) in the 37% HCl solution under stress. Upon increasing the test 
temperature to 80°C, however, the sample underwent significant corrosive failure after 8 
hours test time (see Figure 6-11) that turned the HCl solution thick and green in appearance, 
indicative of iron chloride and substrate dissolution in the corrosive media. 
 
 
 
Figure 6-11: C2 corrosion after testing showing extensive localised damage (with permission from Cranfield 
University) 
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 The calculated corrosion rate was more than 46 μm/yr (1825 MPY). Corrosion was 
not over the entire surface area at this constant rate, but far more localised with large pits at 
points of maximum stress and contact points with the PTFE washer.  
 Sample C3 received the optimal dual LP Ta CVD and heat treatment process and 
underwent unstressed testing, similar to C1. C3 had a more than double coating thickness 
(64 μm) and demonstrated improved corrosion resistance in comparison to the thinner C1 
coatings. After 1 hour RT testing the corrosion rate was 0.032 mm/yr (1.25 MPY) in contrast 
to the 0.19 mm/yr (7.5 MPY) calculated for C1. After the 31 hours boiling HCl test, the 
corrosion rate obtained was equivalent to that for C1 of 0.0014 mm/yr (0.06 MPY). These 
results suggest that the 0.0014 mm/yr (0.06 MPY) may be the nominal corrosion rate of the 
deposited Ta coatings in boiling HCl solutions.  
 Sample C4 also received the dual Ta coating and had a thickness of 65 μm. This was 
almost identical to the 64 μm of C3, showing excellent consistency in attainable deposition 
rates. Due to the corrosion observed for the single layer C2 sample under 70% yield strain, 
C4 was placed under a reduced stress (35%) for initial testing. C4 underwent preliminary 
screening under RT HCl for 65 hours in the reduced stress state. The sample demonstrated 
the greatest corrosion resistance at RT HCl with a rate of 0.0017 mm/yr (0.1 MPY) (see Table 
6-3). The 35% reduced stress was also applied for the first 10 hours of stressed boiling HCl 
testing. After this time no visible corrosion could be seen in the solution or of/on the sample, 
so the stress was increased to 70% for an additional 14 hours. Upon removal and optical 
examination (see Figure 6-12) no visual signs of corrosion could be seen on the sample 
surface. 
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Figure 6-12: Sample C4 after C-ring stress corrosion test displaying negligible damage or corrosion (with 
permission from Cranfield University) 
 
The corrosion rate using Equation 8 after the 24-hour stressed C-ring test was 0.01 
mm/yr (0.4 MPY) demonstrating equivalent ‘nil’ corrosion of the deposited Ta coatings on 
0.3%Cmax A105 carbon steel in representative operational conditions.  
 
 Summary 
 
The C-ring stress corrosion tests have demonstrated ‘nil’ corrosion rates of < 1 MPY 
are attainable on the 0.3%Cmax carbon steel used widely across CPI plants in represented 
operational environments. A minimum corrosion rate of 0.0014 mm/yr (0.06 MPY) is seen on 
extended testing of stressed components in 80°C HCl. The ‘optimal’ dual-layer Ta coating 
and heat treatment deposition process used for samples demonstrated the greater corrosion 
resistance, and thicker coatings tended to reduce the corrosion rates observed. Notable 
corrosion was seen on C2 in boiling HCl at contact points with the PTFE washers and at 
maximum stress points. As seen in the mechanical test results failure of the coating that 
could lead to ingress of corrosive media is reduced using the dual Ta and heat treatment 
approach.  
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6.4 Concluding remarks  
 
From early samples that showed catastrophic failure, the development of the process 
and property relationship over the duration of the project enabled magnitude improvements 
in corrosion resistance. Commercially equivalent corrosion rates of Ta coatings on various 
carbon content steels have been obtained to that of bulk-Ta metal. The substrates materials 
were those currently in operation in chemical processing plants, and the demonstration of 
viable corrosion resistant Ta coatings deposited via an optimal duplex deposition and heat 
treatment process in the simulated environment is a significant step forward. 
 The testing demonstrated that full coverage of sharp edges and through holes was 
capable to provide a fully coherent protective coating. Results were not without failure, and 
further testing is required to fully understand where the defects occurred and repeatedly 
produce Ta coatings offering a ‘nil’ corrosion rate in aggressive chloride-containing 
environments. Such coatings on pipeline components can then be tested in real-world test 
environments to fully validate the technology. This is one of the recommendations for future 
work that are presented in the concluding chapter of this work, along with a review of the 
salient results and observations from the process, property, and corrosion performance of Ta 
coatings in the study conducted. 
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7 Concluding remarks and recommendations for future 
work 
 
7.1 Introduction 
 
This chapter concludes the project undertaken into the development of a tantalum (Ta) 
chemical vapour deposition (CVD) process capable of producing bulk Ta coatings with 
desired properties on varying carbon content steels that can offer equivalent performance to 
existing commercial standards. The salient results are presented and considered, key 
findings highlighted, and questions remaining are outlined along with the future work that 
can help to answer them. 
 
7.2 Process 
 
The ‘process’ can be divided into how the coatings are deposited, and the equipment 
used to do so. Chapter 3 outlined the successful design and build of a new, larger deposition 
system offering a threefold improvement in coating sample size capabilities. The design 
process incorporated computer simulated modelling as a new technique for optimal 
chamber design and heat control. The system, whilst not yet operating at its full potential, is 
an additional resource for research and development in the Ta coatings for an impending 
UK Space Agency project as an interlayer for niobium alloy and iridium coated rocket 
thrusters, and alternate materials such as ZrB2 and other ultra-high temperature ceramics. 
The use of the hybrid statistical design of experiments (DOE) methods provided an 
expedient and efficient means of optimisation and development over the process design 
space compared to traditional one-factor-at-a-time or best guess methods typically used in 
industry. The Taguchi screening study highlighted the complex interacting nature of CVD 
processes that make theoretical models and property predictions difficult while at the same 
time allowing for factor refinement to be carried into the subsequent optimisation stage. 
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The Response Surface Methodology (RSM) central composite design (CCD) provided 
greater statistical significance and agreement between empirical results and theoretical 
modelling. Deposition temperature was the controlling parameter for the obtained 
deposition rate, and the β phase content was determined by interacting variables and the H2 
and Ar gas flows. The Knoop hardness (HK) results suggested > 80 %β is required to obtain 
β-Ta hardness values. The statistical model, however, was lacking significance and fit, and 
this relationship of phase and hardness requires further investigation. 
The DOE study further highlighted the variability of the β-Ta phase content and the 
limitations in its control through the process parameters alone. A post-deposition heat 
treatment was then added to the procedure to produce α-dominant Ta coatings as defined 
during the investigation of the coating properties that follows in the next section. 
 
7.3 Properties 
 
The Ta coatings developed displayed excellent conformity and coverage over a wide 
range of complex geometries, with high values for, and consistent, deposition rates 
achievable. The coatings were of high-purity and fully dense. Coating compositional 
variation occurs at the interfacial region with the substrate, and this can be of varying 
thickness. This interfacial region, as well as the β-Ta phase content, has implications for the 
adhesion and mechanical properties of the deposited coating as seen in chapter 5. 
The β-Ta phase appears randomly distributed through the coating bulk on 316 
stainless steel substrates but is observed to preferentially locate at the surface and in bulk for 
higher carbon steel substrates in both etched optical micrographs and EBSD maps. For the 
stainless steel samples in the optimisation study, this validated the integrated intensity ratio 
used to calculate phase content with negligible X-ray effective penetration depth 
interference. The β-Ta bulk/α-Ta interface preferential distribution seen on higher carbon 
steels could weight the phase content observed in these samples towards a higher observed 
β value. The use of an alternative oxalic acid based etch offers a far safer and more 
environmentally considerate alternative to the standard HF-solution. Successful detection of 
the β-Ta phase using EBSD has demonstrated that, in contrast to sputtered films, the CVD α-
Ta phase shows interfacial preference. This suggests a different nucleation and growth 
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process is at work than in sputtered films where it is suggested that the β-Ta nucleates on 
the surface of the substrate and then grows into the coating bulk, but then transforms to α-
Ta at a maximum growth thickness (Clevenger et al., 1992). This could be attributed to 
increasing substrate temperature with increasing plasma exposure time, that has been 
demonstrated to be of high importance for the β→α transition observed during deposition 
(Myers et al, 2013). 
The transformation of the β to the α phase was identified through iterative heat 
treatments and phase composition analysis to identify a treatment of 1 hour at ≥ 950°C. This 
transformation temperature was confirmed through the etched cross-sections showing the 
relative change in contrast of the coatings, and through the use of differential scanning 
calorimetry (DSC). The DSC results successfully detected the exothermic phase transition 
peak, but the technique can require more than one test to detect the phase transition. 
Comparative DSC analysis at Cranfield University on an alternate sample also managed to 
successfully detect the phase transition, although the observed transition temperature was 
lower at approximately 800°C suggesting a sensitivity to other coating properties, 
impurities, or composition. 
The adhesion of deposited coatings was equivalent to that of the commercial reference 
samples and was demonstrated to improve with heat treatment induced β→α phase 
transition. Equivalent performance was obtained between the stainless and higher carbon 
steels, demonstrating the mitigation of potential interfacial defects causing failure. Improved 
mechanical performance was also obtained on bi-layer Ta coatings with a sequential two-
stage deposition and heat treatment providing the optimal performance. This optimal 
process was used to coat the demonstrative C-ring test pieces that formed the representative 
environmental test as part of the corrosion performance testing described below.  
 
7.4 Performance 
 
The performance of the Ta coatings improved over the course of the project from both 
the mechanical perspective outlined above, and from that of corrosion resistance 
capabilities. Initial process development saw a magnitude improvement in the corrosion 
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rates on both stainless and carbon steel samples. ‘Nil’ corrosion rates were obtained for 
coated A106b components during room temperature and boiling HCl immersion testing. C-
ring corrosion testing of stressed components in the boiling corrosive media also displayed 
effective ‘nil’ corrosion rates, demonstrating suitability of the coatings for offering the 
required performance in aggressive chloride-containing operational environments.  
 
7.5 Recommendations for future work 
 
The project demonstrated the key results attained against the original project scope, 
aims and objectives as outlined in section 1.3. Whilst efforts have been made to understand 
the Ta CVD coating technology and its associated characteristics and behaviour, the project 
has also raised questions and requirements for the continued development of the 
technology. 
The first steps of future work relate to resolving outstanding issues with the up-scaled 
CVD equipment built during this project. The resolution of reagent gas flow distribution 
and control within the deposition chamber will improve uniformity and reproducibility of 
coating coverage. It will also improve the efficiency of the process through minimising 
homogenous reactions and deposition on deposition chamber furniture. Once resolved, real-
world components as provided by the external industrial collaborator are to be coated. After 
production, coatings will be checked using the boiling HCl immersion go/no-go test, before 
installation in a pilot-arm of the chemical processing plant for in-situ testing and monitoring. 
This will further test the suitability and performance of the developed technology for the 
intended operational environment. 
Real-world evaluation is an important step forward, yet it does not answer the 
underlying questions regarding the properties and performance that have arisen through 
the preceding chapters. The statistical design of experiments methodology, although not 
without its imperfections, does allow for rapid investigation of the design space. An 
additional RSM CCD evaluation of the process that includes the chamber pressure as an 
additional parameter could elucidate how the pressure effects the responses and interacts 
with the other process parameters.  
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The DOE process also suggested a relationship between the β-Ta phase content and 
Knoop hardness of the coatings. The development of the EBSD phase mapping provides an 
avenue for investigating whether this is purely a coincidental trend due to indents being 
made on α/β rich regions. More detailed EBSD analysis could also validate the preferential 
phase distribution observed and clarify whether the interfacial lighter contrast zones in the 
bulk of the dual-layer coatings are a phase effect. This region could also be an interdiffusion 
of contamination effect and GDOES depth profiling could identify the composition of this 
region and identify impurities and/or contaminants in the coating. It could also identify the 
composition of the coating-substrate interfacial region and how it varies with the carbon 
content of the differing steels. Auger analysis of prepared cross-sections could also elucidate 
on the composition of this region. The variation of the coating-substrate interfaces and 
performance of the coatings as a function of the pre-deposition surface composition and 
roughness can also suggest optimal processing conditions for maximum performance.  
As GDOES is able to detect the hydrogen content in the deposited coatings, it could 
quantify the residual hydrogen retention in the coatings that can cause hydrogen 
embrittlement in high-temperature operations. Analysis of both pre- and/or post- any 
applied heat treatment could determine the effectiveness and optimal parameters of the 
post-deposition heat treatment in reducing residual hydrogen content.  
The transition temperature identified, of ≥ ≈ 950°C, does not in all cases fully transform 
all the coatings and subsequent higher temperature annealing and phase identification could 
identify an increased temperature requirement. They could also identify whether there 
exists a maximum transition volume enabled by the treatment. Sensitivity of the 
transformation to contaminants such as oxygen, identified in previous studies as having a 
retardation effect on the transition, could also be enabled through GDOES analysis pre heat 
treatment. Further transformation was not observed with increasing heat treatment time, 
nor was the time refined apart from being for 1 hour. Additional, shorter heat treatments 
with iterative phase identification could identify the timeframe in which the phase 
transformation occurs.  
The phase behaviour, related properties, and performance of tantalum coatings 
deposited by CVD, and alternate deposition methods, is still a highly active area of research 
with no sign of slowing down. Projects, such as that presented in this thesis, only answer 
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some of the unresolved questions and identify the additional research required to mature 
our understanding of the process, property, and performance relationship of tantalum 
coatings. With the benefits that tantalum coatings offer as a materials solution across a wide 
range of industries and applications, this is project lays the foundations for its continued 
research and development.   
250 
References 
Abadias, G, Chason, E, Keckes, J, Sebastiani, M, Thompson, G. B, Barthel, E, Doll, G. L, 
Murray, C. E, Stoessel, C. H and Martinu, L (2018), Stress in films and coatings: Current Status, 
challenges, and prospects, Journal of Vacuum Science & Technology A, 36, Available at 
https://avs.scitation.org/doi/10.1116/1.5011790 
Acherjee, B., Kuar, A. S., Mitra, S., & Misra, D. (2012). A sequentially integrated multi-
criteria optimization approach applied to laser transmission weld quality enhancement-a 
case study. International Journal of Advanced Manufacturing Technology, 1–10. 
https://doi.org/10.1007/s00170-012-4203-3 
Aggarwal, A., Singh, H., Kumar, P., & Singh, M. (2008). Optimizing power consumption for 
CNC turned parts using response surface methodology and Taguchi’s technique-A 
comparative analysis. Journal of Materials Processing Technology, 200(1–3), 373–384. 
https://doi.org/10.1016/j.jmatprotec.2007.09.041 
Alami, J., Eklund, P., Andersson, J. M., Lattemann, M., Wallin, E., Bohlmark, J., … 
Helmersson, U. (2007). Phase tailoring of Ta thin films by highly ionized pulsed magnetron 
sputtering. Thin Solid Films, 515(7–8), 3434–3438. https://doi.org/10.1016/j.tsf.2006.10.013 
Al-Masha’al, A., Bunting, A., & Cheung, R. (2016). Evaluation of residual stress in sputtered 
tantalum thin-film. Applied Surface Science, 371, 571–575. 
https://doi.org/10.1016/j.apsusc.2016.02.236 
Alok, A., & Das, M. (2018). Multi-objective optimization of cutting parameters during 
sustainable dry hard turning of AISI 52100 steel with newly develop HSN2-coated carbide 
insert. Measurement, 133, 288–302. https://doi.org/10.1016/J.MEASUREMENT.2018.10.009 
An, L. sha, Liu, C. jiao, & Liu, Y. wen. (2018). Optimization of operating parameters in 
polysilicon chemical vapor deposition reactor with response surface methodology. Journal 
of Crystal Growth, 489, 11–19. https://doi.org/10.1016/j.jcrysgro.2018.02.030 
Arakcheeva, A., Chapuis, G., & Grinevitch, V. (2002). The self-hosting structure of beta-Ta. 
Acta Crystallographica Section B: Structural Science, 58(1), 1–7. 
https://doi.org/10.1107/S0108768101017918 
Asghar, A., Abdul Raman, A. A., & Daud, W. M. A. W. (2014). A comparison of central 
composite design and Taguchi method for optimizing Fenton process. 
TheScientificWorldJournal, 2014, 869120. https://doi.org/10.1155/2014/869120  
ASTM International (2013), G38-01 Standard Practice for Making and Using C-Ring Stress-
Corrosion Test Specimens, Available at https://www.astm.org/Standards/G38.htm [Accessed 
10/2017] 
ASTM International (2014), E290-14 Standard Test Method for Bend Testing of Material for 
Ductility, Available at https://www.astm.org/Standards/E290.htm [Accessed 03/2018] 
ASTM International (2014), B568—98(2014) Standard Test Method for Measurement of Coating 
thickness by X-Ray Spectrometry, Available at https://www.astm.org/Standards/B568.htm 
[Accessed 08/2017] 
ASTM International (2015), NACE TM0169/G31-12a Standard Guide for Laboratory Immersion 
Corrosion Testing of Metals, Available at https://www.astm.org/Standards/G31 [Accessed 
08/2017] 
251 
ASTM International (2017), Standard Test Methods for Vickers Hardness and Knoop Hardness of 
Metallic Materials, [online] Available at https://www.astm.org/Standards/E92.htm [Accessed 
03/2018] 
ASTM International (2018), ASTM A106/A106M-16 Standard Specification for Seamless Carbon 
Steel Pipe for High Temperature Service, Available at 
https://www.astm.org/Standards/A106.htm, [Accessed 08/2017] 
ASTM International (2018), ASTM A105/A105M-18 Standard Specification for Carbon Steel 
Forgings for Piping Applications, Available at https://www.astm.org/Standards/A105.htm 
[Accessed 08/2017] 
Baker, P. N. (1972). Preparation and properties of tantalum thin films. Thin Solid Films, 
14(1), 3–25. https://doi.org/10.1016/0040-6090(72)90365-3 
Béguin, B. I., Horvath, E., & Perry, A. J. (1977). Tantalum coating of mild steel by chemical 
vapour deposition, 46, 209–212. 
Bermúdez, M. D., Carrión, F. J., Martínez-Nicolás, G., & López, R. (2005). Erosion-corrosion 
of stainless steels, titanium, tantalum and zirconium. Wear, 258(1–4 SPEC. ISS.), 693–700. 
https://doi.org/10.1016/j.wear.2004.09.023 
Bernoulli, D., Muller, U., Schwarzenberger, M., Hauert, R., & Spolenak, R. (2013). Magnetron 
sputter deposited tantalum and tantalum nitride thin films: An analysis of phase, hardness 
and composition. Thin Solid Films, 548, 157–161. https://doi.org/10.1016/j.tsf.2013.09.055 
Betrabet, H.S, Johnson, W. B, Macdonald, D. D & Clark, W. A. T (1984), Potential -pH 
diagrams for the tantalum-water system at elevated temperatures in Equilibrium diagrams: 
Localized Corrosion, Frankenthal, R. P & Kruger, J, Eds, p.83, The Electrochemical Society, 
Pennington, NJ   
Biira, S., Crouse, P., Bissett, H., Alawad, B., Hlatshwayo, T., Nel, J., & Malherbe, J. (2017). 
Optimisation of the synthesis of ZrC coatings in a radio frequency induction-heating 
chemical vapour deposition system using response surface methodology. Thin Solid Films, 
624, 61–69. https://doi.org/10.1016/j.tsf.2017.01.018 
Blochner Jr, J. M (1974), Structure/property/process relationships in chemical vapor deposition, 
Journal of Vacuum Science and Technology, 11, pp. 680-686 
https://doi.org/10.1116/1.1312735  
Box, G. E. ., & Wilson, K. . (1951). On the Experimental Attainment of Optimum Conditions 
Author ( s ): G . E . P . Box and K . B . Wilson Published by : Blackwell Publishing for the 
Royal Statistical Society Stable URL : http://www.jstor.org/stable/2983966, 13(1), 1–45. 
Brar, L. K, Singla, G & Pander, O. P (2015), Evolution of structural and thermal properties of 
carbon-coated TaC nanopowders synthesized by single step reduction of Ta-ethoxide, RSC Adv. 5, 
1406 Available at https://pubs.rsc.org/-/content/articlepdf/2015/ra/c4ra12105h  
Brar, L. K, Singla, G & Pander, O. P (2016), The role of carbonin structural evolution during 
single step synthesis of nano tantalum carbide, RSC Adv., 6, 109174, Available at 
https://pubs.rsc.org/en/content/articlepdf/2016/ra/c6ra24484j 
Bronkhorst (2019) Do you know why mass flow reference conditions matter? [online] Available at   
https://www.bronkhorst.com/int/blog/do-you-know-why-mass-flow-reference-conditions-
matter/ [Accessed 2019] 
252 
Brossa, F. (1989). Protectuve coatings for in-vessel fusion devices. Journal of 
Chemical Information and Modeling, 53, 160. 
https://doi.org/10.1017/CBO9781107415324.004 
Brossa, F., Piatti, G., & Bardy, M. (1981). Tantalum protective coatings for fusion reactor 
applications. Journal of Nuclear Materials, 103–104, 261–266. 
Cardarelli, F., Taxil, P., & Savall, A. (1996). Tantalum Protective Thin Coating Techniques for 
the Chemical Process Industrv : Molten Salts Electrocoating as a New Alternative. 
International Journal of Refractory Metals & Hard Materials, 14, 365–381. 
Carlsson, JO (2009), Chemical Vapor Deposition, Bunshah, R. F (Ed) Ch. 7, Handbook of Deposition 
Technologies for Films and Coatings, 2nd Ed, Elsevier, Burlington, MA, USA 
Carlsson, JO & Martin, P (2010), Chemical Vapor Deposition, Martin, P (Ed), Ch. 7, Handbook of 
Deposition Technologies for Films and Coatings, 3rd Ed, Elsevier, Burlington, MA, USA 
Catania, P., Roy, R. A., & Cuomo, J. J. (1993). Phase formation and microstructure changes in 
tantalum thin films induced by bias sputtering. Journal of Applied Physics, 74(2), 1008–1014. 
https://doi.org/10.1063/1.354946 
Chen, X., Frisch, H. L., Kaloyeros, A. E., Arkles, B., & Sullivan, J. (1999). Low temperature 
plasma-assisted chemical vapor deposition of tantalum nitride from tantalum pentabromide 
for copper metallization. Journal of Vacuum Science & Technology B: Microelectronics and 
Nanometer Structures, 17(1), 182. https://doi.org/Doi 10.1116/1.590533 
Chiadamrong, N. (2003). A Sequential Procedure for Manufacturing System Design, 29, 57–
65. 
Choy, K, L (2003) Chemical Vapour Deposition of Coatings, Progress in Materials Science, 48, 2, 
pp57-170 Available at https://doi.org/10.1016/S0079-6425(01)00009-3  
CIA (2015), UK Chemical and Pharmaceutical Industry Facts and Figures, [online] Available at 
https://www.cia.org.uk/Portals/0/Documents/Publications/20150217%20CIA%20facts%20an
d%20figures%202015.pdf?ver=2017-01-09-143806-033 [Accessed 03/2016] 
Clevenger, L. A., Mutscheller, A., Harper, J. M. E., Cabral, C., & Barmak, K. (1992). The 
relationship between deposition conditions, the beta to alpha phase transformation, and 
stress relaxation in tantalum thin films,  Journal of Applied Physics, 72(10), 4918–4924. 
https://doi.org/10.1063/1.352059 
Colin, J. J., Abadias, G., Michel, A., & Jaouen, C. (2017). On the origin of the metastable β-Ta 
phase stabilization in tantalum sputtered thin films. Acta Materialia, 126, 481–493. 
https://doi.org/10.1016/j.actamat.2016.12.030  
Cordero, Z. C, Kinght, B. E & Schuh, C. A (2016) Six Decades of the Hall-Petch Effect – A survey 
of grain-size strengthening studies on pure metals, International Materials Reviews 61, 8, pp. 
495-512, https://doi.org/10.1080/09506608.2016.1191808  
Cristea, D., & Crisan, A. (2014). Tantalum Based Thin Films Preparation , Structures and 
Properties. RECENT, 14(2(38)). 
Cross, J.O., Opila, R.L, Boyd, I. W & Kaufman, E. N (2015) Materials characterization and the 
evolution of materials, MRS Bulletin, 40 (12), pp. 1019-1034  
CVD Equipment Corporation (2019), Tantaline, [online] Available at https://tantaline.com/ 
[Accessed 02/2019] 
253 
Ellis, E. A. I., Chmielus, M., & Baker, S. P. (2016). Effect of Ar sputter pressure on phase 
selection and microstructure of Ta thin films. In Process, 150, 317–326. 
https://doi.org/10.1016/j.actamat.2018.02.050 
Eroglu, S, B. Gallois (1993), Residual stresses in chemically vapor deposited coatings in the Ti-C-N 
system, Journal de Physique IV Colloque, , 03 (C3), pp.C3-155-C3-162.  
Extreme Bolt & Fastener (2016), Tantalum fastners & flanges, [online] Available at 
https://www.extreme-bolt.com/tantalum-fasteners-flanges.html [Accessed 02/2019] 
Fattah-Alhosseini, A., Attarzadeh, F. R., Vafaeian, S., Haghshenas, M., & Keshavarz, M. K. 
(2017). Electrochemical behavior assessment of tantalum in aqueous KOH solutions. 
International Journal of Refractory Metals and Hard Materials, 64, 168–175. 
https://doi.org/10.1016/j.ijrmhm.2016.12.004 
Feinstein, L. G., & Huttemann, R. D. (1973). Factors controlling the structure of sputtered Ta 
films. Thin Solid Films, 16(2), 129–145. https://doi.org/10.1016/0040-6090(73)90163-6 
Ferreira, F., Sousa, C., Cavaleiro, A., Anders, A., & Oliveira, J. (2016). Phase tailoring of 
tantalum thin films deposited in deep oscillation magnetron sputtering mode. Surface and 
Coatings Technology. https://doi.org/10.1016/j.surfcoat.2016.08.017 
Frank, S., Gruber, P. A., Handge, U. A., & Spolenak, R. (2011). In situ studies on the cohesive 
properties of alpha- And beta-Ta layers on polyimide substrates. Acta Materialia, 59(15), 
5881–5892. https://doi.org/10.1016/j.actamat.2011.05.057 
Garrett, W., Sherman, A. J., & Stiglich, J. (2006). Rhenium as a hard chrome replacement for 
gun tubes. Materials and Manufacturing Processes, 21(6), 618–620. 
https://doi.org/10.1080/10426910600602861 
Ghorbani, H., Abdollah-zadeh, A., Bagheri, F., & Poladi, A. (2018). Improving the bio-
corrosion behavior of AISI316L stainless steel through deposition of Ta-based thin films 
using PACVD. Applied Surface Science, 456(June), 398–402. 
https://doi.org/10.1016/j.apsusc.2018.06.154 
Gladczuk, L., Patel, A., Demaree, J. D., & Sosnowski, M. (2005). Sputter deposition of bcc 
tantalum films with TaN underlayers for protection of steel. Thin Solid Films, 476(2), 295–
302. https://doi.org/10.1016/j.tsf.2004.10.020 
Gladczuk, L., Patel, A., Paur, C. S., & Sosnowski, M. (2004). Tantalum films for protective 
coatings of steel. Thin Solid Films, 467(1–2), 150–157. https://doi.org/10.1016/j.tsf.2004.04.041 
Glaski, F.A. Wakefield, G.F. (Ed.) (1973), Bonded CVD tantalum coatings on steel substrates. 
United States: Electrochemical Society, Inc. 
Goncharov, O. Y., Faizullin, R. R., Guskov, V. N., & Baldaev, L. K. (2015). Thermodynamic 
Analysis of Ta Chemical Vapor Deposition via the Reduction of Tantalum Halides with 
Cadmium and Zinc, 51(6), 655–659. https://doi.org/10.1134/S0020168515060059 
Goncharov, O. Y., Treshchev, S. Y., Lad’yanov, V. I., Faizullin, R. R., Guskov, V. N., & 
Baldaev, L. K. (2017). Tantalum chemical vapor deposition on substrates from various 
materials. Inorganic Materials, 53(10), 1064–1068. https://doi.org/10.1134/S0020168517100089 
Greenwood, N & Earnshaw, A (1997), Chemistry of the Elements, 2nd Ed, Butterworth 
Heinman, USA 
254 
Grosser, M., & Schmid, U. (2009). The impact of sputter conditions on the microstructure 
and on the resistivity of tantalum thin films. Thin Solid Films, 517(16), 4493–4496. 
https://doi.org/10.1016/j.tsf.2008.12.009 
Guo, X., Niu, Y., Chen, M., Sun, W., Zhu, S., & Wang, F. (2018). Stoichiometry and 
tribological behavior of thick Ta(N) coatings produced by direct current magnetron 
sputtering (DCMS). Applied Surface Science, 427, 1071–1079. 
https://doi.org/10.1016/j.apsusc.2017.09.095 
Hallmann, L., & Ulmer, P. (2013). Effect of sputtering parameters and substrate composition 
on the structure of tantalum thin films. Applied Surface Science, 282, 1–6. 
https://doi.org/10.1016/j.apsusc.2013.04.032 
Hee, A. C., Cao, H., Zhao, Y., Jamali, S. S., Bendavid, A., & Martin, P. J. (2018). 
Cytocompatible tantalum films on Ti6Al4V substrate by filtered cathodic vacuum arc 
deposition. Bioelectrochemistry, 122(2017), 32–39. 
https://doi.org/10.1016/j.bioelechem.2018.02.006 
Hee, A. C., Jamali, S. S., Bendavid, A., Martin, P. J., Kong, C., & Zhao, Y. (2016). Corrosion 
behaviour and adhesion properties of sputtered tantalum coating on Ti6Al4V substrate. 
Surface and Coatings Technology, 307, 666–675. 
https://doi.org/10.1016/j.surfcoat.2016.09.061 
Hee, A. C., Martin, P. J., Bendavid, A., Jamali, S. S., & Zhao, Y. (2018). Tribo-corrosion 
performance of filtered-arc-deposited tantalum coatings on Ti-13Nb-13Zr alloy for bio-
implants applications. Wear, 400–401(July 2017), 31–42. 
https://doi.org/10.1016/j.wear.2017.12.017 
Hee, A. C., Zhao, Y., Jamali, S. S., Martin, P. J., Bendavid, A., Peng, H., & Cheng, X. 
(2017). Corrosion behaviour and microstructure of tantalum film on Ti6Al4V substrate by 
filtered cathodic vacuum arc deposition. Thin Solid Films, 636, 54–62. 
https://doi.org/10.1016/j.tsf.2017.05.030 
Helsen, J. A & Missirlis, Y (2010),  Biomaterials: A Tantalus Experience, Springer-Verlag, Berlin 
Hertl, C., Koll, L., Schmitz, T., Werner, E., & Gbureck, U. (2014). Structural characterisation 
of oxygen diffusion hardened alpha-tantalum PVD-coatings on titanium. Materials Science 
and Engineering C, 41, 28–35. https://doi.org/10.1016/j.msec.2014.03.018 
Hieber, K. (1974). Structural and electrical properties of Ta and Ta nitrides deposited by 
chemical vapour deposition. Thin Solid Films, 24, 157–164. https://doi.org/10.1016/0040-
6090(74)90261-2 
Jara, A., Fraisse, B., Flaud, V., Fréty, N., & Gonzalez, G. (2016). Thin film deposition of Ta, 
TaN and Ta/TaN bi-layer on Ti and SS316-LVM substrates by RF sputtering. Surface and 
Coatings Technology. https://doi.org/10.1016/j.surfcoat.2016.10.067 
Javed, A., Durrani, H. G., & Zhu, C. (2016). The effect of vacuum annealing on the 
microstructure, mechanical and electrical properties of tantalum films. International Journal 
of Refractory Metals and Hard Materials, 54, 154–158. 
https://doi.org/10.1016/j.ijrmhm.2015.07.003 
JCPDS-ICDD (2018), Powder Diffraction File ™(PDF®), [online] Available at 
http://www.icdd.com/ [Accessed 05/2015] 
255 
Jiang, A., Tyson, T. A., Axe, L., Gladczuk, L., Sosnowski, M., & Cote, P. (2005). The structure 
and stability of beta-Ta thin films. Thin Solid Films, 479(1–2), 166–173. 
https://doi.org/10.1016/j.tsf.2004.12.006 
Jones, A. C & Hitchman, M. L (2009), Overview of Chemical Vapour Deposition, Jones, A. C & 
Hitchman, M. L (Ed), RSC Chemistry http://dx.doi.org/10.1039/9781847558794-00001  
Kaloyeros, A. E., Chen, X., Lane, S., Frisch, H. L., & Arkles, B. (2000). Tantalum diffusion 
barrier grown by inorganic plasma-promoted chemical vapor deposition: Performance in 
copper metallization. Journal of Materials Research, 15(12), 2800–2810. 
https://doi.org/10.1557/JMR.2000.0400 
Karlsson, D (2015), Residual stress in CVD coatings: Evaluation of XRD and TEM methods for 
micro and macrostress determination, [PhD thesis] Available at http://www.diva-
portal.org/smash/record.jsf?pid=diva2%3A882034&dswid=-7931  
Klaus,  C. Genzel and H. Holzschuh, "Residual stress depth profiling in complex hard 
coating systems by X-ray diffraction," Thin Solid Films, vol. 517, pp. 1172-1176, 2009.  
Knepper, R. A. (2007). Thermomechanical behavior and microstructure evolution of 
tantalum thin films during the beat-alpha phase transformation. 
Knepper, R., Stevens, B., & Baker, S. P. (2006). Effect of oxygen on the thermomechanical 
behavior of tantalum thin films during the Β-α Phase transformation. Journal of Applied 
Physics, 100(12). https://doi.org/10.1063/1.2388742 
Kumar, C., Das, M., Paul, C. P., & Singh, B. (2017). Experimental investigation and 
metallographic characterization of fiber laser beam welding of Ti-6Al-4V alloy using 
response surface method. Optics and Lasers in Engineering, 95(April), 52–68. 
https://doi.org/10.1016/j.optlaseng.2017.03.013 
Lee, C., Danon, Y., & Mulligan, C. (2005). Characterization of niobium, tantalum and 
chromium sputtered coatings on steel using eddy currents. Surface and Coatings 
Technology, 200(7), 2547–2556. https://doi.org/10.1016/j.surfcoat.2004.12.033 
Lee, S. L., & Windover, D. (1998). Phase , Residual Stress , and Texture in Triode-Sputtered 
Tantalum Coatings on Steel. Surface & Coatings Technology, 109, 65–72. 
Lee, S. L., Cipollo, M., Yee, F., Wei, R., Coulter, K., Lin, J., … Moore, J. J. (2010). Deposition of 
environmental Friendly tantalum and Chromium nitride Coatings using HIPIMS-MPP-
PEMS technologies. 
Lee, S. L., Doxbeck, M., Mueller, J., Cipollo, M., & Cote, P. (2004). Texture, structure and 
phase transformation in sputter beta tantalum coating. Surface and Coatings Technology, 
177–178, 44–51. https://doi.org/10.1016/j.surfcoat.2003.06.008 
Lee, Y. K., Latt, K. M., Jaehyung, K., Osipowicz, T., & Lee, K. (1999). Study of diffusion 
barrier properties of ionized metal plasma ( IMP ) deposited tantalum ( Ta ) between Cu and 
SiO 2. Materials Science and Engineering B, 68, 99–103. 
Levesque, a., & Bouteville, a. (2004). Fabrication and Properties of Tantalum Film Deposited 
on Titanium through LPCVD from TaCl5-H2. Chemical Vapor Deposition, 10(1), 23–28. 
https://doi.org/10.1002/cvde.200306204 
Levy, P. R. A. (2008). Investigation of Chemically Vapor Deposited Tantalum for Medium 
Caliber Gun Barrel Protection SERDP Project WP-1425 N / A. 
256 
Li, X., Wang, L., Yu, X., Feng, Y., Wang, C., Yang, K., & Su, D. (2013). Tantalum coating on 
porous Ti6Al4V scaffold using chemical vapor deposition and preliminary biological 
evaluation. Materials Science and Engineering: C, 33(5), 2987–2994. 
https://doi.org/10.1016/j.msec.2013.03.027 
Li, Y., Han, J., Tan, C., Guo, C., Yue, J., Wang, F., … Dai, C. (2018). Tantalum coating 
prepared by APCVD and in-vivo biological evaluation. Surface Engineering, 34(12), 901–906. 
https://doi.org/10.1080/02670844.2018.1425198 
Liu, L., Xu, J., & Jiang, S. (2016). Nanocrystalline β-Ta Coating Enhances the Longevity and 
Bioactivity of Medical Titanium Alloys. Metals, 6(9), 221. https://doi.org/10.3390/met6090221 
Maeng, S. M., Axe, L., Tyson, T. A., Gladczuk, L., & Sosnowski, M. (2006). Corrosion 
behavior of magnetron sputtered alphas-Ta coatings on smooth and rough steel substrates. 
Surface and Coatings Technology, 200(20–21), 5717–5724. 
https://doi.org/10.1016/j.surfcoat.2005.08.128 
Maeng, S., Axe, L., Tyson, T. A., Gladczuk, L., & Sosnowski, M. (2006). Corrosion behaviour 
of magnetron sputtered alpha- and beta-Ta coatings on AISI 4340 steel as a function of 
coating thickness. Corrosion Science, 48(8), 2154–2171. 
https://doi.org/10.1016/j.corsci.2005.08.007 
Magginetti, D., Tian, K., & Tiwari, A. (2017). β-Tantalum, a better candidate for spin-to-
charge conversion. Solid State Communications, 249(October 2016), 34–37. 
https://doi.org/10.1016/j.ssc.2016.10.011 
Marshall, A (2018), Email communication re: tantalum samples, [23/11/2018] 
Marshall, A (2019), TM3_document 1, personnel communication, email re: tantalum samples 
pdf, {22/02/2019] 
Matějíček J, Vilémová M, Mušálek R , Sachr P& Horník, J (2013), The Influence of Interface 
Characteristics on the Adhesion/Cohesion of Plasma Sprayed Tungsten Coatings, Coatings, 3, pp. 
108-125 http://doi:10.3390/coatings3020108   
Matson, D. W., McClanahan, E. D., Lee, S. L., & Windover, D. (2001). Properties of thick 
sputtered Ta used for protective gun tube coatings. Surface and Coatings Technology, 146–
147, 344–350. https://doi.org/10.1016/S0257-8972(01)01402-5 
Matson, D. W., Mcclanahan, E. D., Rice, J. P., Lee, S. L., & Windover, D. (2000). Effect of 
sputtering parameters on Ta coatings for gun bore applications. Surafce and Coatings 
Technology, 411–416. 
McCafferty, E (2010), Introduction to Corrosion Science, Springer, New York, USA 
MEPS International Ltd (2019), MEPS Steel Prices Online, [online] available at 
http://www.meps.co.uk/world-price.htm [Accessed 03/2019] 
Mills, D, Young, L & Zobel, F. G. R (1966) ionic conductivity, dialectric constant, and optical 
properties of anodic oxide films on two types of sputtered tantalum films, Journal of Applied 
Physics, 37, 4, pp. 1821-1824 https://doi.org/10.1063/1.1708608  
Mittal, K.l. (1978), Adhesion Measurement: Recent Progress, Unsolved Problems, and 
Prospects, Adhesion Measurement of Thin films, Thick Films and Bulk Coatings, ASTM STP 640, 
Mittal, Ed., American Society for Testing and Materials, 1978, pp. 5-17 
Montgomery, D. C, 1997, Design and Analysis of Experiments, 5th Ed., USA, John Wiley & 
Sons Inc. 
257 
Moseley PT, Seabrook CJ (1973) The crystal structure of ß-tantalum. Acta Crystallogr Sect B 
28:1170–1171  
Movchan. B. A.. and A. V. Dimchishin. "Study of the stucture and properties of 
thick vacuum condensates of nickel. titanium. tungsten. aluminum dioxide. and zirconium 
dioxide". Fiz. Met. Metalloved .• Vol. 28. pp. 653-660. (1969).  
Mugabi, J. . (2006). CVD Ta in long narrow channels, [PhD Thesis] Available at 
https://doi.org/10.1146/annurev.matsci.32.012102.110247  
Mugabi, J. A., Bjerrum, N., Petrushina, I., Eriksen, S., & Christensen, E. (2014). Advances in 
the chemical vapor deposition (CVD) of Tantalum [Sound/Visual production (digital)]. 247th 
ACS National Meeting, Dallas, United States, 16/03/2014 
Myers, S., Lin, J., Souza, R. M., Sproul, W. D., & Moore, J. J. (2013). The beta to alpha phase 
transition of tantalum coatings deposited by modulated pulsed power magnetron 
sputtering. Surface and Coatings Technology, 214, 38–45. 
https://doi.org/10.1016/j.surfcoat.2012.10.061 
Myers, R. H, and Montgomery, D. C, 2002, Response Surface Methodology: Process and 
Product Optimization Using Designed Experiments, 2nd Ed., USA, John Wiley & Sons Inc. 
NACE (2015), Appendix.A: Cost of Corrosion study, [pdf] Available at 
http://impact.nace.org/documents/appendix-a.pdf  
Navid, A. A., & Hodge, A. M. (2012). Nanostructured alpha and beta tantalum formation-
Relationship between plasma parameters and microstructure. Materials Science and 
Engineering A, 536, 49–56. https://doi.org/10.1016/j.msea.2011.12.017 
NIST (2018), X-Ray Mass Attenuation Coefficients, [online] Available at 
https://www.nist.gov/pml/x-ray-mass-attenuation-coefficients [Accessed 02/2018] 
Niu, Y., Chen, M., Wang, J., Yang, L., Guo, C., Zhu, S., & Wang, F. (2017). Preparation and 
thermal shock performance of thick α-Ta coatings by direct current magnetron sputtering 
(DCMS). Surface and Coatings Technology, 321, 19–25. 
https://doi.org/10.1016/j.surfcoat.2017.04.045 
Nnolim, N. (2003), Understanding the Origins of Metastability in Thin Film Growth, [PhD thesis] 
Available at http://archives.njit.edu/vol01/etd/2000s/2003/njit-etd2003-113/njit-etd2003-
113.pdf  
Office for National Statistics (2019), Gross Domestic Product (GDP), [online] available at 
https://www.ons.gov.uk/economy/grossdomesticproductgdp [Accessed 03/2019] 
ONS (2019),  Gross Domestic Product: Year on Year Growth [online] available at 
https://www.ons.gov.uk/economy/grossdomesticproductgdp/timeseries/ihyp/pn2 [Accessed 
03/2019] 
Pereira, A. M., Pimenta, G., & Dunn, B. D. (2008). Assessment of Chemical Conversion 
Coatings for the Protection of Aluminium Alloys. ESA Communication Production Office 
ESTEC, Noordwijk, The Netherlands (1), 62. 
Perry, A. J., Béguin, C., & Hinterman, H. E. (1980). T A N T A L U M C O A T I N G O F M I 
L D STEEL AT A T M O S P H E R I C PRESSURE, 66(1980), 197–210. 
Pierson, H. O (1993), Handbook of Chemical Vapour Deposition: Principles, Technology and 
Applications, Noyes Publishing, New York, USA  
Pirani, M von (1907), Production of homogenous bodies from tantalum or other metals, US848600A 
258 
Pokorný, P., Kouřil, M., Martínek, M., & Eriksen, S. (2012). Hydrogen embrittlement of 
tantalum and tantalum coatings. Koroze a Ochrana Materiálu, 56(2), 47–55. 
https://doi.org/10.2478/v10227-011-0010-y 
Powell, C., Cambell, I. E., & Gonser, B. W. (1948). The Deposition of Tantalum and 
Columbium from their Volatilized Halides. Journal of the Electrochemical Society, 93(6), 
258–265. 
Read, M. H., & Altman, C. (1965). A new structure in tantalum thin films. Applied Physics 
Letters, 7(3), 51–52. https://doi.org/10.1063/1.1754294 
Read, M. H., & Hensler, D. H. (1972). X-ray analysis of sputtered films of beta-tantalum and 
body-centered cubic tantalum. Thin Solid Films, 10(1), 123–135. https://doi.org/10.1016/0040-
6090(72)90277-5  
Reese Jr, W. S (1996), CVD of Nonmetals, VCH Verlagsgesellschaft mbH, Weinheim, Germany 
Rigsby, J. M (1989) Physical Vapor Deposition, in Kossowsy, R (ed) Surface Modification 
Engineering Volume I Fundamental Aspects, CRC Press Inc, Florida, USA 
Robin, A & Rosa, J (1997). Corrosion behavior of niobium, tantalum and their alloys in 
boiling sulfuric acid solutions. International Journal of Refractory Metals and Hard 
Materials, 15(5–6), 317–323. https://doi.org/10.1016/S0263-4368(97)87506-3 
Roy, R (1990), A Primer on the Taguchi method, Van Nostrand Reinhold, New York, USA 
Saba, F., & Raygan, S. (2017). Application of response surface methodology for modelling of 
TiC coating on AISI D2 steel using a mechanical milling technique. Powder Metallurgy, 0(0), 
1–13. https://doi.org/10.1080/00325899.2017.1291076 
Schauer, A., & Peters, W. (1975). The influence of film thickness on the formation of beta-Ta 
and b.c.c.-Ta. Thin Solid Films, 27(1), 95–99. https://doi.org/10.1016/0040-6090(75)90010-3 
Schwartz, N., Reed, W. A., Polash, P., & Read, M. H. (1972). Temperature coefficient of 
resistance of beta-tantalum films and mixtures with b.c.c.-tantalum. Thin Solid Films, 14(2), 
333–346. https://doi.org/10.1016/0040-6090(72)90433-6  
Schüler, C., Betzenbichler, F., Drescher, C., & Hinrichsen, O. (2018). Optimization of the 
synthesis of Ni catalysts via chemical vapor deposition by response surface methodology. 
Chemical Engineering Research and Design, 132, 303–312. 
https://doi.org/10.1016/j.cherd.2018.01.015 
Sequira, C. A. C & Amaral, L (2014), Role of Kirkendall Effect in diffusion processes in solids, 
Transactions of Nonferrous Metals Society of China, 24 (1), pp.1-11 
https://doi.org/10.1016/S1003-6326(14)63021-1  
Sharma, A., & Yadava, V. (2013). Modelling and optimization of cut quality during pulsed 
Nd:YAG laser cutting of thin Al-alloy sheet for curved profile. Optics and Lasers in 
Engineering, 51(1), 77–88. https://doi.org/10.1016/j.optlaseng.2012.07.012 
Shi, L. Y., Wang, A., Zang, F. Z., Wang, J. X., Pan, X. W., & Chen, H. J. (2017). Tantalum-
coated pedicle screws enhance implant integration. Colloids and Surfaces B: Biointerfaces, 
160, 22–32. https://doi.org/10.1016/j.colsurfb.2017.08.059 
Shiri, S., Zhang, C., Odeshi, A., & Yang, Q. (2017). Growth and characterization of tantalum 
multilayer thin films on CoCrMo alloy for orthopedic implant applications. Thin Solid Films. 
https://doi.org/10.1016/j.tsf.2017.11.017 
259 
Simsek, B. (2018). TOPSIS based Taguchi design optimization for CVD growth of graphene 
using different carbon sources: Graphene thickness, defectiveness and homogeneity. 
Chinese Journal of Chemical Engineering. https://doi.org/10.1016/j.cjche.2018.08.004 
Spitz & Chevalier. (1975). Comparison of Ta by CVD and electron beam. Metallurgie, D E 
Study, Comparative Deposition, O F Tantalum Chemical, B Y Deposition, Vapor 
Evaporation, Beam Vacuum. 
Stolz, M., Hieber, K., Wieczorek, C., & Introduction, I. (1983). Universal chemical vapour 
deposition system for metallurgical coatings, i, 209–218. 
Stroe, M. E. (2006). Hydrogen Embrittlement of Tantalum. TITAN Metal Fabricators, 
California Available at www.TITANTMF.com  
Struers (2019), e-metalog, [online] Available at https://e-shop.struers.com/UK/EN/methods/ 
[Accessed 07/2015] 
Struers (2019), Knoop Hardness Testing, [online] Available at 
https://www.struers.com/en/Knowledge/Hardness-testing/Knoop#findoutmore  [Accessed 
01/2019] 
Suh, Y., Chen, W., Maeng, S., Gu, S., Levy, R. A., & Thridandam, H. (2010). Synthesis and 
characterization of plasma assisted chemically vapor deposited tantalum. Thin Solid Films, 
518(19), 5452–5456. https://doi.org/10.1016/j.tsf.2010.04.014 
Thornton, J, A (1977) High Rate Thick film Growth, Annual Review of Materials Science, 7, pp. 
239-260. 
https://www.annualreviews.org/doi/abs/10.1146/annurev.ms.07.080177.001323?journalCode
=matsci.1 
Trkula, M (1996), Vapor pressure of Tantalum and Tantalum compounds (LA-UR--96-825). 
United States 
Wang, F., Wang, L., Feng, Y., Yang, X., Ma, Z., Shi, L., … Lei, W. (2018). Evaluation of an 
artificial vertebral body fabricated by a tantalum-coated porous titanium scaffold for lumbar 
vertebral defect repair in rabbits. Scientific Reports, 8(1), 1–11. 
https://doi.org/10.1038/s41598-018-27182-x 
Wang, J., Xu, J., Huang, W., Li, J., Huang, S., Lai, H., … Chen, S. (2018). Low resistivity Ta 
textured film formed on TaN. Thin Solid Films, 658(May), 33–37. 
https://doi.org/10.1016/J.TSF.2018.05.030 
Whitman, C. S. (2000). Effect of various sputtering parameters on Ta phase formation using 
an I-Optimal experimental design. Journal of Vacuum Science & Technology B: 
Microelectronics and Nanometer Structures, 18(6), 2842. https://doi.org/10.1116/1.1319701 
Yadav, R. N. (2017). A hybrid approach of Taguchi-Response Surface Methodology for 
modeling and optimization of Duplex Turning process. Measurement, 100, 131–138. 
https://doi.org/10.1016/j.measurement.2016.12.060 
Yohannan, A. (2001). Characterisation of alpha and beta phases of Tantalum Coatings. 
Public Health. Retrieved from 
http://scholar.google.com/scholar?hl=en&btnG=Search&q=intitle:Some+Contributions+on+M
IMO+Radar#0 
260 
Yu, X., Tan, L., Yang, H., & Yang, K. (2015). Surface characterization and preparation of Ta 
coating on Ti6Al4V alloy. Journal of Alloys and Compounds, 644, 698–703. 
https://doi.org/10.1016/j.jallcom.2015.04.207 
 
261 
Appendix A: ASTM standard steel carbon steel composition 
 
 ASTM A105 (ASTM, 2018) 
 
 
 ASTM A106b (ASTM, 2018) 
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Appendix B: XRD reference patterns (JCPDS – ICDD, 2018)  
 
Alpha-Ta reference pattern 
 
Name and formula 
 
Reference code: 00-001-1182  
 
Compound name: Tantalum  
PDF index name: Tantalum  
 
Empirical formula: Ta 
Chemical formula: Ta 
 
 
Crystallographic parameters 
 
Crystal system: Cubic  
Space group: Im-3m  
Space group number: 229 
 
a (Å):   3.2960  
b (Å):   3.2960  
c (Å):   3.2960  
Alpha (°):  90.0000  
Beta (°):  90.0000  
Gamma (°):  90.0000  
 
Measured density (g/cm^3):  16.61  
Volume of cell (10^6 pm^3):  35.81  
Z:   2.00  
 
RIR: - 
 
 
Status, subfiles and quality 
 
Status: Marked as deleted by ICDD 
Subfiles: Inorganic 
Quality: Blank (B) 
 
Comments 
 
Color: Silvery white   
Creation Date: 01/01/1970  
Modification Date: 01/01/1970  
Deleted Or Rejected By: Deleted by NBS card  
Color: Silvery white  
Melting Point: 3000.  
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References 
 
Primary reference: Hanawalt et al., Anal. Chem., 10, 475 (1938) 
Unit cell: The Structure of Crystals, 1st Ed.  
 
Peak list 
 
No.    h    k    l      d [A]     2Theta[deg] I [%]    
  1    1    1    0      2.33000    38.610     100.0 
  2    2    0    0      1.65000    55.660      20.0 
  3    2    1    1      1.35000    69.583      30.0 
  4    2    2    0      1.17000    82.352       5.0 
  5    3    1    0      1.04000    95.578       5.0 
  6    3    2    1      0.88000   122.171       5.0 
    
    
Stick Pattern 
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Beta-Ta reference pattern 
 
Name and formula 
 
Reference code: 00-025-1280  
 
Compound name: Tantalum  
PDF index name: Tantalum  
 
Empirical formula: Ta 
Chemical formula: Ta 
 
 
Crystallographic parameters 
 
Crystal system: Tetragonal  
Space group: P42/mnm  
Space group number: 136 
 
a (Å):  10.1940  
b (Å):  10.1940  
c (Å):   5.3130  
Alpha (°):  90.0000  
Beta (°):  90.0000  
Gamma (°):  90.0000  
 
Calculated density (g/cm^3):  16.33  
Measured density (g/cm^3):  16.10  
Volume of cell (10^6 pm^3): 552.11  
Z:  30.00  
 
RIR: - 
 
 
Subfiles and quality 
 
Subfiles: Alloy, metal or intermetalic 
 Common Phase 
 Inorganic 
Quality: Indexed (I) 
 
Comments 
 
Creation Date: 01/01/1970  
Modification Date: 01/01/1970  
Sample Preparation: Prepared as a single phase by electro-deposition from molten 
fluoride bath at 800 C  
Additional Patterns: To replace 00-019-1290.  
 
  
References 
 
Primary reference: Moseley, Seabrook., Acta Crystallogr., Sec. B, 29, 1170 (1973) 
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Peak list 
 
No.    h    k    l      d [A]     2Theta[deg] I [%]    
  1    1    0    1      4.72000    18.785       4.0 
  2    1    1    1      4.27000    20.786       1.0 
  3    3    1    0      3.22000    27.681       1.0 
  4    2    2    1      2.98700    29.889       1.0 
  5    3    1    1      2.76200    32.388       8.0 
  6    0    0    2      2.65800    33.692      40.0 
  7    4    0    0      2.57700    34.785       1.0 
  8    4    1    0      2.47400    36.282      80.0 
  9    3    3    0      2.40300    37.393      55.0 
 10    2    0    2      2.35400    38.201      55.0 
 11    2    1    2      2.29400    39.241      80.0 
 12    4    1    1      2.24100    40.209     100.0 
 13    3    3    1      2.19000    41.187      65.0 
 14    3    1    2      2.05400    44.052      18.0 
 15    5    1    0      2.00500    45.187       1.0 
 16    3    2    2      1.93900    46.815       4.0 
 17    5    0    1      1.90800    47.622       5.0 
 18    5    1    1      1.87500    48.514       6.0 
 19    4    0    2      1.84200    49.440       1.0 
 20    5    2    1      1.78600    51.100       1.0 
 21    4    3    2      1.62000    56.783       4.0 
 22    6    1    1      1.60000    57.559       5.0 
 23    3    1    3      1.55500    59.388       1.0 
 24    6    2    1      1.54400    59.854      12.0 
 25    5    4    1      1.52800    60.546       1.0 
 26    6    3    1      1.46200    63.590      30.0 
 27    4    1    3      1.44000    64.678      45.0 
 28    6    0    2      1.43400    64.982       1.0 
 29    3    3    3      1.42700    65.341       1.0 
 30    6    1    2      1.41900    65.755       1.0 
 31    7    2    0      1.40100    66.710      30.0 
 32    7    1    1      1.39300    67.143       1.0 
 33    6    2    2      1.37800    67.973       1.0 
 34    6    4    1      1.36700    68.596       1.0 
 35    5    1    3      1.32600    71.031      25.0 
 36    1    1    4      1.30700    72.224       1.0 
 37    6    5    1      1.26800    74.817       1.0 
 38    8    2    0      1.23700    77.030      20.0 
 39    8    2    1      1.20400    79.551      16.0 
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Stick Pattern 
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Appendix C: DOE optimisation additional response date 
 
Taguchi screening study coating comments 
 
Sample no. Comments 
   
1 Even coating over entire surface, silver, metallic colour with little to no discolouration 
2 Even coating over entire surface, silver, metallic colour with little to no discolouration 
3 Darker colour of coating, one side more discoloured, some particulate inclusion on edges 
4 Even coverage and uniform, metallic silver colour 
5 Discolouration, large blackened areas, not uniform, edges not fully coated 
6 Fairly dark colour, more so at edges, one side less even than the other but reasonably smooth coating 
7 Fairly uniform, appears thinner on one face, some discolouration at edges 
8 Some discolouration, patchy, particulate inclusion 
9 Thin coating, fairly uniform, some discolouration at edges 
10 Even coating, no discolouration or cracking observed 
11 One side has even, metallic coating, other some cracking and voids, some darkening around edges 
12 Bubbling on coating, although even colour, looks as if it would crack/flake if any force applied 
13 Discolouration around side and bottom edges, one face shows cracking, other side uniform and even 
14 Discolouration on edges, one face has non-uniform striped coating other face has dark spots 
15 Even coverage and uniform, metallic silver colour, some darkening at top edge and one face patchier than the other 
16 Discolouration, brown, dark grey/black patches, not conformal, patchy, edges not fully coated 
17 Dark colouration, patchy, good coverage (no substrate visible), thin 
18 Patchy, not complete coverage, some small areas of discolouration 
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Taguchi screening study XRD plots 
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RSM CCD observations 
 
 
CCD no. Date Run no. Before After Mass change Thickness Deposition rate Comments
24 14/11/2017 2328 14.2092 14.9955 0.79 31.58 31.58 Fairly uniform, corners/edges not completely covered
12 17/11/2017 2331 14.2428 15.4073 1.16 46.77 46.77 One side slightly patchy, other relativetly even coverage
20 20/11/2017 2332 14.2026 14.0407 0.84 33.66 33.66 One side more even than the other and thickert coating
9 04/12/2017 2339 14.2405 15.1076 0.87 34.82 34.82 Uneven, patchy coverage on entire surface area
28 06/12/2017 2340 14.224 15.0018 0.78 31.24 31.24 Patchy coverage on both faces
2 07/12/2017 2341 14.196 15.368 1.17 47.07 47.07 Patchy coverage one side, other darker bottom edges
19 08/12/2017 2344 14.2192 14.8517 0.63 25.4 25.4 Even coverage over entire surface area
6 11/12/2017 2345 14.1951 15.0437 0.85 34.08 34.08 Farily uniform, some patches/discolouration at edges
15 12/12/2017 2346 14.2111 14.7274 0.52 20.73 20.73 Uniform coverage, a couple of dark patches
4 14/12/2017 2347 14.2191 15.1212 0.9 36.23 36.23 Fairly uniform, some discolouration at edges
32 03/01/2018 2353 14.2395 14.94 0.7 28.17 28.17 Uniform coverage on face, edges show variation in coverage
27 05/01/208 2355 14.2184 15.0066 0.79 31.65 31.65 Fairly uniform, on side slightly patchy, good coverage on sides and edges
11 08/01/2018 2357 14.2055 14.8347 0.63 25.27 25.27 Fairly uniform, on side slightly patchy, good coverage on sides and edges
25 10/01/2018 2358 14.2106 14.8793 0.67 26.86 26.86 Unifrom, slight patchines on one side along with visible support wire placement
14 12/01/2018 2560 14.1599 14.8114 0.65 26.16 26.16 Slightly patchy on both sides, non uniform colour
1 15/01/2018 2363 14.2505 14.6997 0.48 18.04 18.04 Some patchy/spotty discolouration on both faces, sample support had fallen but not known if during/after deposition
30 19/02/2018 2369 14.2197 14.9107 0.69 27.75 27.75 Some particulate inclusion, (had fallen from support)
13 21/02/2018 2376 14.1928 14.7159 0.55 22.21 22.21 Slightly patchy, some surface defects still visible
26 22/02/2018 2378 14.248 14.7268 0.48 19.23 19.23 Uniform coverage and even coating
22 23/02/2018 2380 14.2724 14.7935 0.52 20.93 20.93 Uniform coverage and even coating
17 27/02/2018 2383 14.2177 14.58 0.36 14.55 14.55 Slightly patchy, no-uniform
21 28/02/2018 2386 14.2184 14.6432 0.42 17.06 17.06 Patchy, uncovered areas, one aide blue inducating very thin coating
7 13/03/2018 2398 14.2006 14.8024 0.6 24.14 24.14 Patchy, speckled coverage, non-uniform
23 14/03/218 2401 14.2694 14.876 0.61 24.36 24.36 Afirly uniform, some non unform patched
18 15/03/2018 2402 14.211 15.0983 0.89 35.63 35.63 some speckled areas and streaking on larger faces
5 16/03/2018 2404 14.1894 14.7645 0.58 23.1 23.1 Very patchy, coating brushes off in some places
29 20/03/2018 2405 14.2316 14.7812 0.55 22.07 22.07 Uniform even coverage over all samples
31 20/03/2018 2405 14.2276 14.7747 0.55 21.97 21.97 Uniform even coverage over all samples
3 21/03/2018 2407 14.187 14.7233 0.54 21.54 21.54 Fairly uniform, slight patchy at bottom of one face
10 22/03/20018 2408 14.196 14.6767 0.48 19.31 19.31 Fairly uniform, sme areas of discolouration
16 23/03/2018 2409 14.2211 14.7484 0.53 21.18 21.18 Patchy across the sample width, one side coated better than the other. Very patchy on the top side. Slight discolouration 
8 26/03/2018 2411 14.2023 14.7588 0.56 22.35 22.35 Patchy across the sample width, one side coated better than the other. Very patchy on the top side. Slight discolouration
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RSM CCD XRD plots 
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Appendix D: Taguchi screening study full statistical analysis 
 
Taguchi Design 
Design Summary 
Taguchi Array L18(2^1 3^5) 
Factors:  6 
Runs:     18 
Columns of L18(2^1 3^7) array: 1 2 3 4 5 6  
 
Deposition rate  
 
Taguchi Analysis: Dep. rate versus Surface, Deposition ... flow, 
Position 
Linear Model Analysis: SN ratios versus Surface, Deposition 
Temperature, H2 flow, Cl2 flow, Ar flow, Position 
Estimated Model Coefficients for SN ratios 
 
Term Coef SE Coef T P 
Constant 23.4251 1.769 13.244 0.000 
Surface Polished 0.0802 1.769 0.045 0.965 
Depositi 825 1.9824 2.501 0.793 0.458 
Depositi 875 2.7249 2.501 1.089 0.318 
H2 flow 2.50 1.3036 2.501 0.521 0.621 
H2 flow 3.75 -1.8601 2.501 -0.744 0.485 
Cl2 flow 0.2 -6.6134 2.501 -2.644 0.038 
Cl2 flow 0.4 3.0734 2.501 1.229 0.265 
Ar flow 0.5 3.1007 2.501 1.240 0.261 
Ar flow 0.7 2.6460 2.501 1.058 0.331 
Position 5 -1.3325 2.501 -0.533 0.613 
Position 10 -1.4494 2.501 -0.579 0.583 
Model Summary 
S R-Sq R-Sq(adj) 
7.5038 74.67% 28.23% 
Analysis of Variance for SN ratios 
Source DF Seq SS Adj SS Adj MS F P 
Surface 1 0.12 0.116 0.116 0.00 0.965 
Deposition Tempe 2 201.08 201.080 100.540 1.79 0.246 
H2 flow 2 32.81 32.815 16.407 0.29 0.757 
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Cl2 flow 2 394.28 394.284 197.142 3.50 0.098 
Ar flow 2 297.85 297.848 148.924 2.64 0.150 
Position 2 69.70 69.695 34.848 0.62 0.570 
Residual Error 6 337.84 337.844 56.307       
Total 17 1333.68             
Linear Model Analysis: Means versus Surface, Deposition Temperature, 
H2 flow, Cl2 flow, Ar flow, Position 
Estimated Model Coefficients for Means 
Term Coef SE Coef T P 
Constant 19.3678 2.602 7.444 0.000 
Surface Polished -0.6711 2.602 -0.258 0.805 
Depositi 825 -0.5444 3.680 -0.148 0.887 
Depositi 875 2.0039 3.680 0.545 0.606 
H2 flow 2.50 -1.5461 3.680 -0.420 0.689 
H2 flow 3.75 -1.1411 3.680 -0.310 0.767 
Cl2 flow 0.2 -6.1928 3.680 -1.683 0.143 
Cl2 flow 0.4 2.7372 3.680 0.744 0.485 
Ar flow 0.5 2.7789 3.680 0.755 0.479 
Ar flow 0.7 2.2306 3.680 0.606 0.567 
Position 5 0.2572 3.680 0.070 0.947 
Position 10 -1.8244 3.680 -0.496 0.638 
Model Summary 
S R-Sq R-Sq(adj) 
11.0392 49.64% 0.00% 
Analysis of Variance for Means 
Source DF Seq SS Adj SS Adj MS F P 
Surface 1 8.11 8.107 8.107 0.07 0.805 
Deposition Temperature 2 38.65 38.652 19.326 0.16 0.857 
H2 flow 2 65.48 65.483 32.741 0.27 0.773 
Cl2 flow 2 346.70 346.702 173.351 1.42 0.312 
Ar flow 2 226.75 226.753 113.376 0.93 0.445 
Position 2 35.11 35.106 17.553 0.14 0.869 
Residual Error 6 731.19 731.185 121.864       
Total 17 1451.99             
Response Table for Signal to Noise Ratios 
Larger is better 
Level Surface 
Deposition 
Temperature H2 flow Cl2 flow Ar flow Position 
1 23.51 25.41 24.73 16.81 26.53 22.09 
2 23.34 26.15 21.56 26.50 26.07 21.98 
3    18.72 23.98 26.97 17.68 26.21 
Delta 0.16 7.43 3.16 10.15 8.85 4.23 
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Rank 6 3 5 1 2 4 
Response Table for Means 
Level Surface 
Deposition 
Temperature H2 flow Cl2 flow Ar flow Position 
1 18.70 18.82 17.82 13.17 22.15 19.63 
2 20.04 21.37 18.23 22.11 21.60 17.54 
3    17.91 22.05 22.82 14.36 20.93 
Delta 1.34 3.46 4.23 9.65 7.79 3.39 
Rank 6 4 3 1 2 5 
 
 
 
 
 
 
Beta phase fraction 
 
Taguchi Analysis: Beta % versus Surface, Deposition ... r flow, 
Position 
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Linear Model Analysis: SN ratios versus Surface, Deposition 
Temperature, H2 flow, Cl2 flow, Ar flow, Position 
Estimated Model Coefficients for SN ratios 
Term Coef SE Coef T P 
Constant -31.9070 1.433 -22.270 0.000 
Surface Polished 2.0807 1.433 1.452 0.197 
Depositi 825 -1.4386 2.026 -0.710 0.504 
Depositi 875 1.9484 2.026 0.962 0.373 
H2 flow 2.50 -2.8832 2.026 -1.423 0.205 
H2 flow 3.75 1.7836 2.026 0.880 0.413 
Cl2 flow 0.2 -5.0687 2.026 -2.502 0.046 
Cl2 flow 0.4 -3.5734 2.026 -1.764 0.128 
Ar flow 0.5 2.8320 2.026 1.398 0.212 
Ar flow 0.7 -0.4370 2.026 -0.216 0.836 
Position 5 2.5259 2.026 1.247 0.259 
Position 10 -0.5160 2.026 -0.255 0.807 
Model Summary 
S R-Sq R-Sq(adj) 
6.0786 82.11% 49.31% 
Analysis of Variance for SN ratios 
Source DF Seq SS Adj SS Adj MS F P 
Surface 1 77.93 77.93 77.93 2.11 0.197 
Deposition Temperature 2 36.75 36.75 18.38 0.50 0.631 
H2 flow 2 76.22 76.22 38.11 1.03 0.412 
Cl2 flow 2 678.88 678.88 339.44 9.19 0.015 
Ar flow 2 83.68 83.68 41.84 1.13 0.383 
Position 2 64.12 64.12 32.06 0.87 0.467 
Residual Error 6 221.70 221.70 36.95       
Total 17 1239.28             
Unusual Observations for SN ratios 
Observation SN ratios Fit SE Fit Residual St Resid   
7 -27.959 -35.971 4.963 8.012 2.28 R    
16 -38.266 -31.185 4.963 -7.080 -2.02 R    
R denotes an observation with a large standardized residual. 
Linear Model Analysis: Means versus Surface, Deposition Temperature, 
H2 flow, Cl2 flow, Ar flow, Position 
Estimated Model Coefficients for Means 
Term Coef SE Coef T P 
Constant 53.6894 7.591 7.073 0.000 
Surface Polished -6.8506 7.591 -0.902 0.402 
Depositi 825 -1.1561 10.736 -0.108 0.918 
Depositi 875 -2.5778 10.736 -0.240 0.818 
H2 flow 2.50 7.2106 10.736 0.672 0.527 
H2 flow 3.75 -2.3228 10.736 -0.216 0.836 
Cl2 flow 0.2 17.7106 10.736 1.650 0.150 
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Cl2 flow 0.4 11.1939 10.736 1.043 0.337 
Ar flow 0.5 -5.5778 10.736 -0.520 0.622 
Ar flow 0.7 -0.3828 10.736 -0.036 0.973 
Position 5 -5.7144 10.736 -0.532 0.614 
Position 10 0.6539 10.736 0.061 0.953 
Model Summary 
S R-Sq R-Sq(adj) 
32.2070 61.31% 0.00% 
Analysis of Variance for Means 
Source DF Seq SS Adj SS Adj MS F P 
Surface 1 844.7 844.7 844.74 0.81 0.402 
Deposition Temperature 2 131.5 131.5 65.77 0.06 0.939 
H2 flow 2 487.7 487.7 243.83 0.24 0.797 
Cl2 flow 2 7646.6 7646.6 3823.30 3.69 0.090 
Ar flow 2 400.7 400.7 200.36 0.19 0.829 
Position 2 352.2 352.2 176.08 0.17 0.848 
Residual Error 6 6223.8 6223.8 1037.29       
Total 17 16087.2             
Unusual Observations for Means 
Observation Means Fit SE Fit Residual St Resid   
7 25.000 68.460 26.297 -43.460 -2.34 R    
Response Table for Signal to Noise Ratios 
Smaller is better 
Level Surface 
Deposition 
Temperature H2 flow Cl2 flow Ar flow Position 
1 -29.83 -33.35 -34.79 -36.98 -29.08 -29.38 
2 -33.99 -29.96 -30.12 -35.48 -32.34 -32.42 
3    -32.42 -30.81 -23.26 -34.30 -33.92 
Delta 4.16 3.39 4.67 13.71 5.23 4.54 
Rank 5 6 3 1 2 4 
Response Table for Means 
Level Surface 
Deposition 
Temperature H2 flow Cl2 flow Ar flow Position 
1 46.84 52.53 60.90 71.40 48.11 47.97 
2 60.54 51.11 51.37 64.88 53.31 54.34 
3    57.42 48.80 24.79 59.65 58.75 
Delta 13.70 6.31 12.10 46.61 11.54 10.78 
Rank 2 6 3 1 4 5 
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Knoop hardness 
 
Taguchi Analysis: HK versus Surface, Deposition ... w, Ar flow, 
Position 
Linear Model Analysis: SN ratios versus Surface, Deposition 
Temperature, H2 flow, Cl2 flow, Ar flow, Position 
Estimated Model Coefficients for SN ratios 
Term Coef SE Coef T P 
Constant -55.5911 2.576 -21.578 0.000 
Surface Polished 0.7578 1.996 0.380 0.723 
Depositi 825 4.4757 3.155 1.418 0.229 
Depositi 875 0.8217 3.155 0.260 0.807 
H2 flow 2.50 -0.8929 3.155 -0.283 0.791 
H2 flow 3.75 -0.9301 2.993 -0.311 0.772 
Cl2 flow 0.2 -3.4912 4.462 -0.782 0.478 
Cl2 flow 0.4 -0.9863 3.155 -0.313 0.770 
Ar flow 0.5 1.0203 3.155 0.323 0.763 
277 
Ar flow 0.7 2.6618 3.155 0.844 0.446 
Position 5 -1.1397 2.993 -0.381 0.723 
Position 10 0.0504 2.993 0.017 0.987 
Model Summary 
S R-Sq R-Sq(adj) 
7.7287 56.22% 0.00% 
Analysis of Variance for SN ratios 
Source DF Seq SS Adj SS Adj MS F P 
Surface 1 4.184 8.614 8.614 0.14 0.723 
Deposition Temperature 2 95.794 124.243 62.122 1.04 0.433 
H2 flow 2 58.471 22.275 11.138 0.19 0.837 
Cl2 flow 2 96.190 126.126 63.063 1.06 0.428 
Ar flow 2 41.784 48.757 24.378 0.41 0.690 
Position 2 10.387 10.387 5.194 0.09 0.918 
Residual Error 4 238.934 238.934 59.733       
Total 15 545.745             
Linear Model Analysis: Means versus Surface, Deposition Temperature, 
H2 flow, Cl2 flow, Ar flow, Position 
Estimated Model Coefficients for Means 
Term Coef SE Coef T P 
Constant 758.746 178.1 4.261 0.013 
Surface Polished -73.525 137.9 -0.533 0.622 
Depositi 825 -359.943 218.1 -1.650 0.174 
Depositi 875 -39.990 218.1 -0.183 0.863 
H2 flow 2.50 9.979 218.1 0.046 0.966 
H2 flow 3.75 51.680 206.9 0.250 0.815 
Cl2 flow 0.2 257.433 308.4 0.835 0.451 
Cl2 flow 0.4 74.293 218.1 0.341 0.751 
Ar flow 0.5 -129.540 218.1 -0.594 0.584 
Ar flow 0.7 -209.974 218.1 -0.963 0.390 
Position 5 36.191 206.9 0.175 0.870 
Position 10 52.143 206.9 0.252 0.813 
Model Summary 
S R-Sq R-Sq(adj) 
534.2142 59.21% 0.00% 
Analysis of Variance for Means 
Source DF Seq SS Adj SS Adj MS F P 
Surface 1 72767 81089 81089 0.28 0.622 
Deposition Temperature 2 545406 786949 393475 1.38 0.350 
H2 flow 2 165492 30242 15121 0.05 0.949 
Cl2 flow 2 502907 693371 346686 1.21 0.387 
Ar flow 2 323158 365218 182609 0.64 0.574 
Position 2 47405 47405 23703 0.08 0.922 
Residual Error 4 1141539 1141539 285385       
Total 15 2798676             
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Response Table for Signal to Noise Ratios 
Smaller is better 
Level Surface 
Deposition 
Temperature H2 flow Cl2 flow Ar flow Position 
1 -53.51 -51.12 -56.48 -54.54 -54.57 -53.90 
2 -54.53 -54.77 -53.65 -56.58 -52.93 -53.56 
3    -57.25 -51.44 -51.11 -54.83 -54.50 
Delta 1.02 6.14 5.05 5.46 1.90 0.94 
Rank 5 1 3 2 4 6 
Response Table for Means 
Level Surface 
Deposition 
Temperature H2 flow Cl2 flow Ar flow Position 
1 561.8 398.8 768.7 626.9 629.2 570.5 
2 696.7 718.8 589.1 833.0 548.8 638.5 
3    840.6 502.0 427.0 750.0 670.4 
Delta 134.9 441.8 266.7 406.0 201.2 99.9 
Rank 5 1 3 2 4 6 
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Appendix E: Response Surface Optimisation full statistical 
analysis 
 
Deposition rate 
 
Response Surface Regression: Deposition rate versus ... r flow, 
Position 
 
Analysis of Variance 
Source DF Seq SS Contribution Adj SS Adj MS F-Value 
Model 20 1574.14 83.14% 1574.14 78.707 2.71 
  Linear 5 698.76 36.91% 698.76 139.752 4.82 
    Deposition temp 1 463.41 24.48% 463.41 463.409 15.97 
    H2 flow 1 4.12 0.22% 4.12 4.117 0.14 
    Cl2 flow 1 93.46 4.94% 93.46 93.457 3.22 
    Ar flow 1 0.78 0.04% 0.78 0.785 0.03 
    Position 1 136.99 7.24% 136.99 136.995 4.72 
  Square 5 138.67 7.32% 138.67 27.734 0.96 
    Deposition temp*Deposition temp 1 0.19 0.01% 0.24 0.237 0.01 
    H2 flow*H2 flow 1 48.52 2.56% 42.23 42.232 1.46 
    Cl2 flow*Cl2 flow 1 63.66 3.36% 60.31 60.308 2.08 
    Ar flow*Ar flow 1 21.09 1.11% 19.24 19.240 0.66 
    Position*Position 1 5.21 0.28% 5.21 5.208 0.18 
  2-Way Interaction 10 736.70 38.91% 736.70 73.670 2.54 
    Deposition temp*H2 flow 1 2.56 0.14% 2.56 2.560 0.09 
    Deposition temp*Cl2 flow 1 81.54 4.31% 81.54 81.541 2.81 
    Deposition temp*Ar flow 1 113.00 5.97% 113.00 112.997 3.90 
    Deposition temp*Position 1 27.62 1.46% 27.62 27.615 0.95 
    H2 flow*Cl2 flow 1 48.02 2.54% 48.02 48.025 1.66 
    H2 flow*Ar flow 1 54.32 2.87% 54.32 54.317 1.87 
    H2 flow*Position 1 67.82 3.58% 67.82 67.815 2.34 
    Cl2 flow*Ar flow 1 17.39 0.92% 17.39 17.389 0.60 
    Cl2 flow*Position 1 229.67 12.13% 229.67 229.674 7.92 
    Ar flow*Position 1 94.77 5.01% 94.77 94.770 3.27 
Error 11 319.11 16.86% 319.11 29.010    
  Lack-of-Fit 6 228.09 12.05% 228.09 38.016 2.09 
  Pure Error 5 91.02 4.81% 91.02 18.203    
Total 31 1893.25 100.00%          
Source P-Value 
Model 0.046 
  Linear 0.014 
    Deposition temp 0.002 
    H2 flow 0.714 
    Cl2 flow 0.100 
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    Ar flow 0.872 
    Position 0.052 
  Square 0.484 
    Deposition temp*Deposition temp 0.930 
    H2 flow*H2 flow 0.253 
    Cl2 flow*Cl2 flow 0.177 
    Ar flow*Ar flow 0.433 
    Position*Position 0.680 
  2-Way Interaction 0.071 
    Deposition temp*H2 flow 0.772 
    Deposition temp*Cl2 flow 0.122 
    Deposition temp*Ar flow 0.074 
    Deposition temp*Position 0.350 
    H2 flow*Cl2 flow 0.225 
    H2 flow*Ar flow 0.199 
    H2 flow*Position 0.155 
    Cl2 flow*Ar flow 0.455 
    Cl2 flow*Position 0.017 
    Ar flow*Position 0.098 
Error    
  Lack-of-Fit 0.218 
  Pure Error    
Total    
Model Summary 
S R-sq R-sq(adj) PRESS R-sq(pred) 
5.38610 83.14% 52.50% 6056.57 0.00% 
Coded Coefficients 
Term Coef SE Coef 95% CI T-Value P-Value VIF 
Constant 26.54 2.15 (21.81, 31.27) 12.35 0.000    
Deposition temp 4.39 1.10 (1.97, 6.81) 4.00 0.002 1.00 
H2 flow 0.41 1.10 (-2.01, 2.83) 0.38 0.714 1.00 
Cl2 flow -1.97 1.10 (-4.39, 0.45) -1.79 0.100 1.00 
Ar flow 0.18 1.10 (-2.24, 2.60) 0.16 0.872 1.00 
Position -2.39 1.10 (-4.81, 0.03) -2.17 0.052 1.00 
Deposition temp*Deposition temp 0.090 0.994 (-2.099, 2.279) 0.09 0.930 1.02 
H2 flow*H2 flow 1.200 0.994 (-0.989, 3.389) 1.21 0.253 1.02 
Cl2 flow*Cl2 flow -1.434 0.994 (-3.623, 0.755) -1.44 0.177 1.02 
Ar flow*Ar flow 0.810 0.994 (-1.379, 2.999) 0.81 0.433 1.02 
Position*Position -0.421 0.994 (-2.610, 1.767) -0.42 0.680 1.02 
Deposition temp*H2 flow 0.40 1.35 (-2.56, 3.36) 0.30 0.772 1.00 
Deposition temp*Cl2 flow -2.26 1.35 (-5.22, 0.71) -1.68 0.122 1.00 
Deposition temp*Ar flow -2.66 1.35 (-5.62, 0.31) -1.97 0.074 1.00 
Deposition temp*Position -1.31 1.35 (-4.28, 1.65) -0.98 0.350 1.00 
H2 flow*Cl2 flow -1.73 1.35 (-4.70, 1.23) -1.29 0.225 1.00 
H2 flow*Ar flow 1.84 1.35 (-1.12, 4.81) 1.37 0.199 1.00 
H2 flow*Position 2.06 1.35 (-0.90, 5.02) 1.53 0.155 1.00 
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Cl2 flow*Ar flow -1.04 1.35 (-4.01, 1.92) -0.77 0.455 1.00 
Cl2 flow*Position 3.79 1.35 (0.83, 6.75) 2.81 0.017 1.00 
Ar flow*Position -2.43 1.35 (-5.40, 0.53) -1.81 0.098 1.00 
Regression Equation in Uncoded Units 
Deposition rate = -573 + 1.02 Deposition temp - 235 H2 flow + 1065 Cl2 flow + 759 Ar flow 
+ 6.4 Position + 0.00014 Deposition temp*Deposition temp 
+ 19.2 H2 flow*H2 flow - 143.4 Cl2 flow*Cl2 flow + 81.0 Ar flow*Ar flow 
- 0.421 Position*Position + 0.064 Deposition temp*H2 flow 
- 0.903 Deposition temp*Cl2 flow - 1.063 Deposition temp*Ar flow 
- 0.0525 Deposition temp*Position - 69.3 H2 flow*Cl2 flow 
+ 73.7 H2 flow*Ar flow + 8.24 H2 flow*Position - 104 Cl2 flow*Ar flow 
+ 37.9 Cl2 flow*Position - 24.3 Ar flow*Position 
Fits and Diagnostics for Unusual Observations 
Obs 
Deposition 
rate Fit SE Fit 95% CI Resid Std Resid Del Resid HI 
1 18.04 13.83 5.05 (2.72, 24.94) 4.21 2.24 2.91 0.878788 
2 47.07 43.25 5.05 (32.14, 54.37) 3.82 2.03 2.46 0.878788 
21 17.06 24.75 4.17 (15.58, 33.92) -7.69 -2.25 -2.93 0.598485 
Obs Cook’s D DFITS  
1 1.74 7.82790 R 
2 1.43 6.61346 R 
21 0.36 -3.57447 R 
R  Large residual 
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Beta phase fraction 
 
Response Surface Regression: Beta phase fraction versus ... w, 
Position 
Analysis of Variance 
Source DF Seq SS Contribution Adj SS Adj MS F-Value 
Model 20 19036.5 88.95% 19036.5 951.83 4.43 
  Linear 5 6344.1 29.64% 6344.1 1268.82 5.90 
    Deposition temp 1 143.1 0.67% 143.1 143.08 0.67 
    H2 flow 1 3155.6 14.74% 3155.6 3155.63 14.68 
    Cl2 flow 1 396.9 1.85% 396.9 396.91 1.85 
    Ar flow 1 2404.0 11.23% 2404.0 2404.00 11.18 
    Position 1 244.5 1.14% 244.5 244.48 1.14 
  Square 5 7124.8 33.29% 7124.8 1424.96 6.63 
    Deposition temp*Deposition temp 1 916.3 4.28% 473.3 473.34 2.20 
    H2 flow*H2 flow 1 659.5 3.08% 1019.5 1019.52 4.74 
    Cl2 flow*Cl2 flow 1 88.1 0.41% 229.2 229.23 1.07 
    Ar flow*Ar flow 1 19.0 0.09% 3.3 3.25 0.02 
    Position*Position 1 5441.8 25.43% 5441.8 5441.83 25.31 
  2-Way Interaction 10 5567.6 26.01% 5567.6 556.76 2.59 
    Deposition temp*H2 flow 1 441.0 2.06% 441.0 441.00 2.05 
    Deposition temp*Cl2 flow 1 538.2 2.51% 538.2 538.24 2.50 
    Deposition temp*Ar flow 1 60.8 0.28% 60.8 60.84 0.28 
    Deposition temp*Position 1 157.5 0.74% 157.5 157.50 0.73 
    H2 flow*Cl2 flow 1 132.3 0.62% 132.3 132.25 0.62 
    H2 flow*Ar flow 1 670.8 3.13% 670.8 670.81 3.12 
    H2 flow*Position 1 1628.1 7.61% 1628.1 1628.12 7.57 
    Cl2 flow*Ar flow 1 942.5 4.40% 942.5 942.49 4.38 
    Cl2 flow*Position 1 540.6 2.53% 540.6 540.56 2.51 
    Ar flow*Position 1 455.8 2.13% 455.8 455.82 2.12 
Error 11 2365.1 11.05% 2365.1 215.01    
  Lack-of-Fit 6 546.2 2.55% 546.2 91.03 0.25 
  Pure Error 5 1819.0 8.50% 1819.0 363.80    
Total 31 21401.7 100.00%          
Source P-Value 
Model 0.007 
  Linear 0.007 
    Deposition temp 0.432 
    H2 flow 0.003 
    Cl2 flow 0.201 
    Ar flow 0.007 
    Position 0.309 
  Square 0.004 
    Deposition temp*Deposition temp 0.166 
    H2 flow*H2 flow 0.052 
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    Cl2 flow*Cl2 flow 0.324 
    Ar flow*Ar flow 0.904 
    Position*Position 0.000 
  2-Way Interaction 0.067 
    Deposition temp*H2 flow 0.180 
    Deposition temp*Cl2 flow 0.142 
    Deposition temp*Ar flow 0.605 
    Deposition temp*Position 0.410 
    H2 flow*Cl2 flow 0.449 
    H2 flow*Ar flow 0.105 
    H2 flow*Position 0.019 
    Cl2 flow*Ar flow 0.060 
    Cl2 flow*Position 0.141 
    Ar flow*Position 0.173 
Error    
  Lack-of-Fit 0.939 
  Pure Error    
Total    
Model Summary 
S R-sq R-sq(adj) PRESS R-sq(pred) 
14.6633 88.95% 68.86% 16876.4 21.14% 
Coded Coefficients 
Term Coef SE Coef 95% CI T-Value P-Value VIF 
Constant 73.90 5.85 (61.02, 86.77) 12.63 0.000    
Deposition temp -2.44 2.99 (-9.03, 4.15) -0.82 0.432 1.00 
H2 flow -11.47 2.99 (-18.05, -4.88) -3.83 0.003 1.00 
Cl2 flow -4.07 2.99 (-10.65, 2.52) -1.36 0.201 1.00 
Ar flow -10.01 2.99 (-16.60, -3.42) -3.34 0.007 1.00 
Position 3.19 2.99 (-3.40, 9.78) 1.07 0.309 1.00 
Deposition temp*Deposition temp 4.02 2.71 (-1.94, 9.98) 1.48 0.166 1.02 
H2 flow*H2 flow -5.90 2.71 (-11.85, 0.06) -2.18 0.052 1.02 
Cl2 flow*Cl2 flow -2.80 2.71 (-8.75, 3.16) -1.03 0.324 1.02 
Ar flow*Ar flow -0.33 2.71 (-6.29, 5.63) -0.12 0.904 1.02 
Position*Position -13.62 2.71 (-19.58, -7.66) -5.03 0.000 1.02 
Deposition temp*H2 flow -5.25 3.67 (-13.32, 2.82) -1.43 0.180 1.00 
Deposition temp*Cl2 flow -5.80 3.67 (-13.87, 2.27) -1.58 0.142 1.00 
Deposition temp*Ar flow -1.95 3.67 (-10.02, 6.12) -0.53 0.605 1.00 
Deposition temp*Position 3.14 3.67 (-4.93, 11.21) 0.86 0.410 1.00 
H2 flow*Cl2 flow -2.88 3.67 (-10.94, 5.19) -0.78 0.449 1.00 
H2 flow*Ar flow -6.48 3.67 (-14.54, 1.59) -1.77 0.105 1.00 
H2 flow*Position 10.09 3.67 (2.02, 18.16) 2.75 0.019 1.00 
Cl2 flow*Ar flow -7.68 3.67 (-15.74, 0.39) -2.09 0.060 1.00 
Cl2 flow*Position 5.81 3.67 (-2.26, 13.88) 1.59 0.141 1.00 
Ar flow*Position -5.34 3.67 (-13.41, 2.73) -1.46 0.173 1.00 
Regression Equation in Uncoded Units 
284 
Beta phase 
fraction 
= -409 - 7.04 Deposition temp + 1393 H2 flow + 2849 Cl2 flow 
+ 2314 Ar flow - 130 Position 
+ 0.00643 Deposition temp*Deposition temp 
- 94.3 H2 flow*H2 flow - 280 Cl2 flow*Cl2 flow - 33 Ar flow*Ar flow 
- 13.62 Position*Position - 0.840 Deposition temp*H2 flow 
- 2.32 Deposition temp*Cl2 flow - 0.78 Deposition temp*Ar flow 
+ 0.125 Deposition temp*Position - 115 H2 flow*Cl2 flow 
- 259 H2 flow*Ar flow + 40.3 H2 flow*Position - 767 Cl2 flow*Ar flow 
+ 58.1 Cl2 flow*Position - 53.4 Ar flow*Position 
Fits and Diagnostics for Unusual Observations 
Obs 
Beta phase 
fraction Fit SE Fit 95% CI Resid Std Resid Del Resid HI 
29 43.50 73.90 5.85 (61.02, 86.77) -30.40 -2.26 -2.95 0.159091 
Obs Cook’s D DFITS  
29 0.05 -1.28110 R 
R  Large residual 
 
 
 
 
Knoop Hardness full set 
 
Response Surface Regression: Knoop hardness versus ... flow, 
Position 
Analysis of Variance 
Source 
D
F Seq SS 
Contributio
n Adj SS Adj MS 
F-
Value 
Model 20 5670672 53.47% 567067
2 
283534 0.63 
  Linear 5 840487 7.93% 840487 168097 0.37 
    Deposition temp 1 19238 0.18% 19238 19238 0.04 
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    H2 flow 1 398636 3.76% 398636 398636 0.89 
    Cl2 flow 1 42277 0.40% 42277 42277 0.09 
    Ar flow 1 252950 2.39% 252950 252950 0.56 
    Position 1 127386 1.20% 127386 127386 0.28 
  Square 5 3333608 31.43% 333360
8 
666722 1.49 
    Deposition temp*Deposition 
temp 
1 6230 0.06% 53800 53800 0.12 
    H2 flow*H2 flow 1 40813 0.38% 1087 1087 0.00 
    Cl2 flow*Cl2 flow 1 1853402 17.48% 202569
7 
202569
7 
4.52 
    Ar flow*Ar flow 1 108722 1.03% 54140 54140 0.12 
    Position*Position 1 1324442 12.49% 132444
2 
132444
2 
2.95 
  2-Way Interaction 10 1496576 14.11% 149657
6 
149658 0.33 
    Deposition temp*H2 flow 1 15669 0.15% 15669 15669 0.03 
    Deposition temp*Cl2 flow 1 108126 1.02% 108126 108126 0.24 
    Deposition temp*Ar flow 1 8644 0.08% 8644 8644 0.02 
    Deposition temp*Position 1 29352 0.28% 29352 29352 0.07 
    H2 flow*Cl2 flow 1 40411 0.38% 40411 40411 0.09 
    H2 flow*Ar flow 1 8304 0.08% 8304 8304 0.02 
    H2 flow*Position 1 42508 0.40% 42508 42508 0.09 
    Cl2 flow*Ar flow 1 286038 2.70% 286038 286038 0.64 
    Cl2 flow*Position 1 202928 1.91% 202928 202928 0.45 
    Ar flow*Position 1 754596 7.12% 754596 754596 1.68 
Error 11 4934491 46.53% 493449
1 
448590    
  Lack-of-Fit 6 1858567 17.53% 185856
7 
309761 0.50 
  Pure Error 5 3075925 29.00% 307592
5 
615185    
Total 31 1060516
3 
100.00%          
Source P-Value 
Model 0.820 
  Linear 0.856 
    Deposition temp 0.840 
    H2 flow 0.366 
    Cl2 flow 0.765 
    Ar flow 0.468 
    Position 0.605 
  Square 0.271 
    Deposition temp*Deposition temp 0.736 
    H2 flow*H2 flow 0.962 
    Cl2 flow*Cl2 flow 0.057 
    Ar flow*Ar flow 0.735 
    Position*Position 0.114 
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  2-Way Interaction 0.953 
    Deposition temp*H2 flow 0.855 
    Deposition temp*Cl2 flow 0.633 
    Deposition temp*Ar flow 0.892 
    Deposition temp*Position 0.803 
    H2 flow*Cl2 flow 0.770 
    H2 flow*Ar flow 0.894 
    H2 flow*Position 0.764 
    Cl2 flow*Ar flow 0.441 
    Cl2 flow*Position 0.515 
    Ar flow*Position 0.221 
Error    
  Lack-of-Fit 0.786 
  Pure Error    
Total    
Model Summary 
S R-sq R-sq(adj) PRESS R-sq(pred) 
669.769 53.47% 0.00% 52808054 0.00% 
Coded Coefficients 
Term Coef SE Coef 95% CI T-Value P-Value VIF 
Constant 1093 267 (505, 1681) 4.09 0.002    
Deposition temp -28 137 (-329, 273) -0.21 0.840 1.00 
H2 flow -129 137 (-430, 172) -0.94 0.366 1.00 
Cl2 flow 42 137 (-259, 343) 0.31 0.765 1.00 
Ar flow 103 137 (-198, 404) 0.75 0.468 1.00 
Position -73 137 (-374, 228) -0.53 0.605 1.00 
Deposition temp*Deposition temp -43 124 (-315, 229) -0.35 0.736 1.02 
H2 flow*H2 flow 6 124 (-266, 278) 0.05 0.962 1.02 
Cl2 flow*Cl2 flow -263 124 (-535, 9) -2.13 0.057 1.02 
Ar flow*Ar flow 43 124 (-229, 315) 0.35 0.735 1.02 
Position*Position -212 124 (-485, 60) -1.72 0.114 1.02 
Deposition temp*H2 flow 31 167 (-337, 400) 0.19 0.855 1.00 
Deposition temp*Cl2 flow -82 167 (-451, 286) -0.49 0.633 1.00 
Deposition temp*Ar flow -23 167 (-392, 345) -0.14 0.892 1.00 
Deposition temp*Position 43 167 (-326, 411) 0.26 0.803 1.00 
H2 flow*Cl2 flow 50 167 (-318, 419) 0.30 0.770 1.00 
H2 flow*Ar flow -23 167 (-391, 346) -0.14 0.894 1.00 
H2 flow*Position 52 167 (-317, 420) 0.31 0.764 1.00 
Cl2 flow*Ar flow -134 167 (-502, 235) -0.80 0.441 1.00 
Cl2 flow*Position 113 167 (-256, 481) 0.67 0.515 1.00 
Ar flow*Position -217 167 (-586, 151) -1.30 0.221 1.00 
Regression Equation in Uncoded Units 
Knoop 
hardness 
= -57963 + 116 Deposition temp - 7408 H2 flow + 54242 Cl2 flow 
+ 27164 Ar flow 
+ 190 Position - 0.069 Deposition temp*Deposition temp 
+ 97 H2 flow*H2 flow 
- 26279 Cl2 flow*Cl2 flow + 4296 Ar flow*Ar flow - 212 Position*Position 
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+ 5.0 Deposition temp*H2 flow - 32.9 Deposition temp*Cl2 flow 
- 9.3 Deposition temp*Ar flow + 1.71 Deposition temp*Position 
+ 2010 H2 flow*Cl2 flow - 911 H2 flow*Ar flow + 206 H2 flow*Position 
- 13371 Cl2 flow*Ar flow + 1126 Cl2 flow*Position - 2172 Ar flow*Position 
Fits and Diagnostics for Unusual Observations 
Ob
s 
Knoop 
hardnes
s Fit 
SE 
Fit 95% CI 
Resi
d 
Std 
Resi
d 
Del 
Resi
d HI 
Cook’s 
D DFITS  
29 2367 109
3 
267 (505, 
1681) 
1274 2.07 2.53 0.15909
1 
0.04 1.1024
4 
R 
R  Large residual 
 
 
 
 
 
 
Knoop Hardness reduced set 
 
Response Surface Regression: Knoop hardness versus ... flow, 
Position 
Method 
Rows unused 7 
Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-Value 
Model 20 2591659 129583 0.47 0.885 
  Linear 5 78759 15752 0.06 0.996 
    Deposition temp 1 14557 14557 0.05 0.830 
    H2 flow 1 19558 19558 0.07 0.803 
    Cl2 flow 1 24998 24998 0.09 0.778 
    Ar flow 1 36610 36610 0.13 0.734 
    Position 1 59649 59649 0.22 0.666 
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  Square 5 1050741 210148 0.76 0.621 
    Deposition temp*Deposition temp 1 83129 83129 0.30 0.612 
    H2 flow*H2 flow 1 328769 328769 1.19 0.336 
    Cl2 flow*Cl2 flow 1 74005 74005 0.27 0.632 
    Ar flow*Ar flow 1 97483 97483 0.35 0.584 
    Position*Position 1 278082 278082 1.01 0.372 
  2-Way Interaction 10 1331494 133149 0.48 0.840 
    Deposition temp*H2 flow 1 78599 78599 0.29 0.622 
    Deposition temp*Cl2 flow 1 40630 40630 0.15 0.721 
    Deposition temp*Ar flow 1 28218 28218 0.10 0.765 
    Deposition temp*Position 1 16290 16290 0.06 0.820 
    H2 flow*Cl2 flow 1 12623 12623 0.05 0.841 
    H2 flow*Ar flow 1 1434 1434 0.01 0.946 
    H2 flow*Position 1 10697 10697 0.04 0.853 
    Cl2 flow*Ar flow 1 241440 241440 0.88 0.402 
    Cl2 flow*Position 1 200639 200639 0.73 0.442 
    Ar flow*Position 1 259409 259409 0.94 0.387 
Error 4 1102654 275664       
  Lack-of-Fit 1 161756 161756 0.52 0.525 
  Pure Error 3 940899 313633       
Total 24 3694313          
Model Summary 
S R-sq R-sq(adj) R-sq(pred) 
525.037 70.15% 0.00% * 
Coded Coefficients 
Term Coef SE Coef T-Value P-Value VIF 
Constant 772 259 2.98 0.041    
Deposition temp 42 181 0.23 0.830 2.61 
H2 flow 58 217 0.27 0.803 3.09 
Cl2 flow -75 249 -0.30 0.778 4.00 
Ar flow 88 241 0.36 0.734 3.64 
Position -77 165 -0.47 0.666 2.17 
Deposition temp*Deposition temp 60 109 0.55 0.612 1.15 
H2 flow*H2 flow -165 151 -1.09 0.336 1.41 
Cl2 flow*Cl2 flow -89 173 -0.52 0.632 1.84 
Ar flow*Ar flow 117 197 0.59 0.584 2.40 
Position*Position -110 109 -1.00 0.372 1.15 
Deposition temp*H2 flow 136 255 0.53 0.622 3.30 
Deposition temp*Cl2 flow -88 230 -0.38 0.721 2.66 
Deposition temp*Ar flow 82 255 0.32 0.765 3.30 
Deposition temp*Position -62 255 -0.24 0.820 3.30 
H2 flow*Cl2 flow -55 255 -0.21 0.841 3.30 
H2 flow*Ar flow -17 230 -0.07 0.946 2.66 
H2 flow*Position 45 230 0.20 0.853 2.66 
Cl2 flow*Ar flow -238 255 -0.94 0.402 3.30 
Cl2 flow*Position 217 255 0.85 0.442 3.30 
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Ar flow*Position -223 230 -0.97 0.387 2.66 
Regression Equation in Uncoded Units 
Knoop 
hardness 
= 79460 - 231 Deposition temp + 1730 H2 flow + 50160 Cl2 flow 
- 11400 Ar flow 
+ 2320 Position + 0.096 Deposition temp*Deposition temp 
- 2642 H2 flow*H2 flow - 8947 Cl2 flow*Cl2 flow + 11708 Ar flow*Ar flow 
- 110 Position*Position + 21.8 Deposition temp*H2 flow 
- 35.4 Deposition temp*Cl2 flow + 33 Deposition temp*Ar flow 
- 2.5 Deposition temp*Position - 2181 H2 flow*Cl2 flow - 664 H2 flow*Ar flow 
+ 181 H2 flow*Position - 23849 Cl2 flow*Ar flow + 2174 Cl2 flow*Position 
- 2234 Ar flow*Position 
Fits and Diagnostics for Unusual Observations 
Obs 
Knoop 
hardness Fit Resid Std Resid  
1 206 238 -32 -0.77 X 
2 295 295 0 * X 
3 242 242 -0 * X 
5 525 525 0 * X 
10 308 341 -32 -0.77 X 
11 292 324 -32 -0.77 X 
13 375 408 -32 -0.77 X 
14 461 461 0 * X 
17 929 929 0 * X 
X  Unusual X 
 
 
 
 
 
 
 
 
 
